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Abstract: Third phase formation in the extraction of HCl by triisobutyl phosphate

(T-iso-BP) and tri-sec-butyl phosphate (T-sec-BP) has been investigated and

compared with the tri-n-butyl phosphate (T-n-BP) system. The three TBP isomers

exhibit comparable affinities for HCl, but the branched isomers extract much more

water than the linear one. For T-sec-BP, the LOC (limiting HCl organic concentration)

is characterized by much lower HCl concentrations both in the organic and aqueous

phase than for the other isomers. SANS data for T-iso-BP and T-sec-BP organic

phases loaded with progressive amounts of HCl have been interpreted using the

Baxter model for hard spheres with surface adhesion. The critical values of the sticki-

ness parameter, t21, and the interaction potential energy, U(r), are slightly different and

characteristic for each of the extractants. Their values are consistent with the

expectation derived from the micellar interaction model.
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INTRODUCTION

Recent works have presented a new interpretation of third phase formation

in solvent extraction, the generally unwanted phenomenon by which the

organic phase, under certain conditions, splits into two liquid phases of

different compositions and densities (1–9). These works have mostly

focused on n-alkane solutions of tri-n-butyl phosphate (T-n-BP) as the extrac-

tant for HNO3 (3–6), UO2(NO3)2 (4, 6), Th(NO3)4 (5, 7), Zr(NO3)4 (8), and,

very recently, HCl (9).

Small-angle X-ray (SAXS) (3) and neutron (SANS) (3–9) scattering

measurements on T-n-BP solutions containing increasing concentrations of

solutes (up to the point of phase splitting) were interpreted using the Baxter

model for hard spheres with surface adhesion (sticky spheres) (10–12) to

quantitatively evaluate the energetics of the interactions between small T-n-

BP aggregates resembling reverse micelles.

In all systems investigated, the application of the Baxter model to the

scattering data provided the following mechanistic explanation for third

phase formation: the T-n-BP molecules, at high concentrations in n-alkanes,

upon contact with aqueous phases containing mineral acids with or without

metal salts, forms small reverse micelles containing only a few T-n-BP

molecules, in agreement with previous anticipations by Osseo-Asare (13).

Water and inorganic solutes are incorporated into the polar core of the

micelles which interact through van der Waals forces between their polar

cores. The separation of most of the solute particles in a new phase takes

place when the energy of attraction between the particles in solution

becomes at least about twice as large as the average thermal energy (kBT,

where kB ¼ Boltzmann constant). Most of the solutes from the original

organic phase (T-n-BP, water, HNO3 or HCl, and metal salts) collect in

a separate and denser third phase containing interspersed layers or pockets

of n-alkane.

The extraction of HCl alone proved to be particularly useful for this type

of studies, because third phase formation could be easily observed in the

absence of metal salts. In this way, the experimental burden of data acquisition

and the difficulty of their interpretation were reduced (9). As part of our

ongoing investigation on the general validity of the mechanism of third

phase formation outlined above, we decided to use the extraction of HCl to

probe the phase behavior of other solvent extraction systems.

Formation of micelles by neutral organophosphorus extractants and the

properties of the hydrophobic shell of the micelles should be affected by the

type of alkyl chains attached to the functional group of the extractant. In par-

ticular, it should be of interest to measure the impact of length and branching

of the alkyl chains on the energy of interaction between micelles. In this paper,

we focus on the branching of butyl chains of tributyl phosphate, by comparing

the behavior of tri(2-methylpropyl) phosphate (also known as triisobutyl

phosphate, T-iso-BP) and of tri(1-methylpropyl) phosphate (also known as
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tri-sec-butyl phosphate, T-sec-BP) with that of T-n-BP reported earlier (9)

(Fig. 1).

The behavior of the iso and sec TBP isomers is particularly interesting

because they have been considered as potential alternatives to T-n-BP for

nuclear applications. In fact, T-iso-BP offers the advantage of being about

five times more stable to acid hydrolysis than T-n-BP (14). At the same

time, the distribution ratios of U(VI) and Pu(IV) from nitric acid solutions

are only slightly lower than with T-n-BP. This is probably the result of a

balance between the somewhat higher basicity of the phosphoryl group of

T-iso-BP and the steric hindrance caused by the branching of its alkyl

chains (15). A drawback for the use of T-iso-BP in uranium purification

processes, however, consists in its slightly higher tendency than T-n-BP

toward third phase formation (15).

In spite of its considerably lower stability toward acid hydrolysis than

T-n-BP (14), T-sec-BP has been considered for the selective extraction and

separation of U(VI) from Th(IV). This separation is based on the drastic

reduction of Th(IV) extraction brought about by the branching in the sec-

butyl group (16). Regarding third phase formation, the T-sec-BP has been

reported to exhibit less tendency than T-n-BP toward phase splitting (16).

The different behavior of the two TBP isomers with respect to third phase

formation, with T-iso-BP being more effective and T-sec-BP less effective

than T-n-BP in promoting organic phase splitting, is intriguing and so far

Figure 1. Structures of T-n-BP, T-iso-BP and T-sec-BP.
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unexplained. The interpretation of third phase formation based on the Baxter

model implies that the branched isomers of TBP should exhibit a higher

tendency toward phase splitting than T-n-BP, because shorter alkyl chains

should allow the extractant micelles to get closer to one another, thus experi-

encing a stronger attraction between their polar cores.

The present paper reports our results on the extraction of HCl by the iso

and sec isomers of TBP with particular emphasis on third phase formation.

The objectives of this work were:

. To measure the distribution isotherm of HCl and the simplified phase

diagram for the T-iso-BP and T-sec-BP extractants in n-octane;

. To evaluate the morphology of the aggregates formed in the organic phase

using SANS measurements;

. To determine whether the particle interaction model developed in our

previous studies on T-n-BP extraction systems can explain the features of

third phase formation with T-iso-BP and T-sec-BP.

EXPERIMENTAL

Materials

Triisobutyl phosphate was obtained from Fluka, Switzerland, as a .97%

product. The purity of T-iso-BP was confirmed by 31P and 1H NMR

analysis. Before the extraction experiments, the 20% (v/v) stock solution of

the extractant in n-octane (0.73M) was washed with an aqueous solution of

0.25M Na2CO3 to remove any acidic impurities undetectable by NMR.

Tri-sec-butyl phosphate was prepared through the following procedure

(17). A mixture of sec-butyl alcohol (48.7mL, 0.531mol) and pyridine

(43.0mL, 0.531mol) in 100mL of toluene was added dropwise over a

2 hr period to phosphorus oxychloride (15.0mL, 0.161mol) dissolved in

100mL toluene. After overnight stirring at room temperature under a

nitrogen atmosphere, the organic phase was washed with three 50mL

portions of 0.2M HCl. Toluene was removed from the product mixture

under reduced pressure in a rotary evaporator. The bulk of the acidic impu-

rities was removed from a methanol solution of the product using a

Bio-Rad AG 1-Xa, 50-100 mesh, chloride form ion exchange resin, as

described previously (18). The final product was further purified by

vacuum distillation. However, a small amount (, 5%) of diisobutyl phospho-

ric acid was still present in the product. Repeating the ion exchange or the

distillation procedure did not improve significantly the purity of the

product. This confirms that the tri-sec-butyl phosphate is more unstable

than the other TBP isomers investigated (14).

After washing the tri-sec-butyl phosphate product with 0.25M Na2CO3,
1H NMR measurements indicated that the extractant contained 5% of
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sec-butyl alcohol and 0.5mole water per mole product. The 0.73 M stock

solution of the extractant in n-octane for the extraction experiments was

prepared based on these results. The possible effect of the presence of 5%

of sec-butyl alcohol on third phase formation with T-sec-BP will be

discussed in a following section.

The other materials used for the distribution measurements and for

the preparation of the SANS samples were the same as in our previous

works (4–9).

Solvent Extraction Experiments

The technique and analytical procedures used for the HCl extraction exper-

iments were reported previously (9). Similarly to the T-n-BP case, the equili-

bration time for the aqueous and organic phases was kept to the minimum

necessary for attaining distribution equilibrium (about ten minutes), because

HCl is known to promote TBP hydrolysis much more efficiently than

HNO3 (19).

For the determination of the HCl limiting organic concentration (LOC,

i.e., the highest acid concentration attainable in the organic phase without

phase splitting), the initial aqueous concentration of HCl was high enough

that a third phase formed. Very small amounts of fresh organic phase and

water were then added to the system until the third phase disappeared, as

indicated by the visual absence of turbidity in the organic phase after

further equilibration and centrifugation.

To determine the extractant concentration in the heavy and light organic

phases, HCl was stripped with water and the samples diluted to appropriate

concentrations with n-octane. The distribution ratios (DU) of freshly purified
233U (from ANL stocks) between the organic phase samples and 3.0M

HNO3 were then measured and the concentrations of T-iso-BP and T-sec-

BP were determined using their respective DU vs. extractant concentration

calibration curves.

The samples for SANS measurements were prepared as described above

except that the diluent used was deuterated n-octane (D-octane, in the

following). Their composition is summarized in Table 1.

SANS Measurements

The SANS measurements were performed at the time-of-flight small-angle

neutron diffractometer (SAND) at the Intense Pulsed Neutron Source of

Argonne National Laboratory (21). The samples were measured in standard

Suprasil cells with a pathlength of 2mm and a sample volume of 0.8mL.

The data collection time was four hours. For each sample the data were

collected as scattered intensity, I(Q) (cm21) vs momentum transfer

TBP Isomers-HCl Third Phase Formation 2079
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(Q ¼ (4p/l) sin(u) (Å21)), where u is half the scattering angle and l is the

wavelength of the probing neutrons. In our experiments, the contrast

between solute and solvent was given by the different neutron scattering

properties of the H atoms of TBP and the D atoms of deuterated n-octane.

Table 1. Composition of samples for SANS measurements (T ¼ 23+ 0.58C)

Sample [TBP]a M [HCl]b M [H2O]
c M hd

T-iso-BP

blank1 0.73 0 0.128 0.204+ 0.004

1 0.73 0.0856 0.35 0.209+ 0.004

2 0.73 0.172 0.57 0.215+ 0.004

3 0.73 0.283 0.74 0.220+ 0.004

4 (LOC)e 0.73 0.313 0.75 0.221+ 0.004

5 (Third

phase)f
2.35 2.58 5.21 0.79+ 0.03

6 (Light

phase)f
0.31 0.15 0.18 0.092+ 0.003

T-sec-BP

blank2 0.73 0 0.061 0.188+ 0.004

7 0.73 0.0268 0.26 0.192+ 0.004

8 0.73 0.0625 0.43 0.195+ 0.004

9 (LOC)e 0.73 0.141 0.68 0.201+ 0.004

10 (Third

phase)g
2.31 2.71 11.0 0.84+ 0.03

11 (Light

phase)g
0.20 0.0603 0.035 0.053+ 0.002

aEstimated accuracy+ 2%, except for third and light phase samples for which the

estimated accuracy is+ 5%.
bEstimated accuracy+ 2%.
cEstimated accuracy+ 10%.
dSolute volume fraction given by the sum of T-iso-BP or T-sec-BP, HCl, and H2O

volume fractions. The molar volumes (ratio of molecular weight and density) of the

components are 275.98, 255.34, 18.50, and 18.02 cm3, respectively. The molar

volume of HCl was calculated from the density of dilute solutions of the acid (20).

The uncertainty on h was estimated from the errors associated with the analytical

determinations.
eLOC stands for limiting organic concentration, i.e., the highest HCl concentration

that can be achieved without phase splitting.
fInitial conditions: 3.0mL 0.73M T-iso-BP in n-octane equilibrated with 3.0mL

10.34M HCl. After centrifugation, the volumes of the organic phases were 0.65mL

third phase with a density of 0.931 g/mL (sample 5), and 2.35mL light phase with

a density of 0.722 g/mL (sample 6).
gInitial conditions: 2.2mL 0.73M T-sec-BP in n-octane equilibrated with 2.2mL

8.55M HCl. After centrifugation, the volumes of the organic phases were 0.60mL

third phase with a density of 1.00 g/mL (sample 10), and 1.70mL light phase with a

density of 0.702 g/mL (sample 11).
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The absolute intensity of the scattering data at Q ¼ 0 was obtained using as

secondary standards polymer and porous silica samples with known cross

sections, following the procedure reported previously (22).

Calculations

The equation describing neutron scattering by a monodisperse system of

particles is:

I(Q) ¼ NpV
2
pðrp � rsÞ

2P(Q)S(Q)þ Iinc ð1Þ

where I(Q) is the intensity of the neutrons scattered by the solute particles

(obtained from the experimental intensities by subtracting the intensities

measured for the diluent alone), Np is the number of scattering units per

unit volume, Vp is the particle volume, rp and rs are the scattering length

densities of particles and solvent, respectively, P(Q) is the single particle

form factor, which describes the angular scattering distribution as a function

of particle size and shape, S(Q) is the structure factor, which accounts for

interactions between the scattering particles, and Iinc is the incoherent scatter-

ing background (23).

Guinier analysis and modified Guinier analysis for rod-like particles (24)

were performed on the SANS data using the procedures and equations

reported previously (9).

The evaluation of the extent of interaction between particles was

performed using the Baxter model following the procedure described pre-

viously (5–9). According to this model, an approximate value of the

potential energy of attraction (negative) between two hard spheres, U(r),

expressed in kBT units, is given by the following equation:

U(r) ¼ lim
d!dhs

ln 12t
d� dhs

dhs

� �� �
ð2Þ

where dhs is the diameter of the hard spheres and (d-dhs) represents the width

of a narrow square attractive well. When the distance between two particles is

larger than dhs but smaller than d (i.e., for dhs , r , d), the particles experi-

ence attraction. Use of Eq. (2) requires knowledge of the parametert. t21,

also expressed in kBT units, is the “stickiness parameter” and its value is

higher for stronger attraction between particles. The limit in Eq. (2)

indicates that the calculation of the interparticle attraction potential energy

is valid only when the attractive well is extremely narrow, i.e., with a width

within 10% of the particle diameter ((d - dhs) / dhs � 0.1). The Baxter

model provides analytical expressions for the structure factor, S(Q), in Eq.

(1). They have been reported earlier (2, 10–12). Other details of the Baxter

model calculations for the SANS data of this paper will be discussed in one

of the following sections.

TBP Isomers-HCl Third Phase Formation 2081
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RESULTS AND DISCUSSION

HCl Extraction by T-iso-BP and T-sec-BP

Figure 2 shows the simplified phase diagrams for the extraction of HCl by

0.73M T-iso-BP and T-sec-BP in n-octane and compares them with the

results for T-n-BP reported earlier (9). The points corresponding to the HCl

limiting organic concentration (LOC) are identified by the intersection of

the three curves describing the organic HCl concentrations in the biphasic

and triphasic regions of the diagrams. The organic phase splits into two

layers when the equilibrium concentration of HCl in the aqueous phase is

higher than that corresponding to the LOC condition for that particular system.

As can be seen in the biphasic regions of the plots in Fig. 2, the extracta-

bility of HCl by T-n-Bp and T-iso-BP is about the same, while T-sec-BP is

somewhat more efficient than the other two isomers. This is likely the result

of the interplays between the enhanced basicity of the TBP isomers having

branched alkyl chains and the steric effects due to branching.

As shown in Table 1 and already reported for T-n-BP (9), the concen-

trations of the TBP isomers in the heavy layer are as high as 2.3M. The con-

comitant HCl concentrations (see Table 1) indicate that the third phases can be

considered as concentrated solutions of the respective HCl hydrated monosol-

vates, in agreement with literature information available for T-n-BP (9, 25).

As for the T-n-BP case, the data in Table 1 confirm that the extraction of

HCl by the TBP isomers is accompanied by simultaneous extraction of large

amounts of water. The water to acid concentration ratios in the LOC samples

for the iso and sec isomers, however, are 2.4 and 4.8, respectively, i.e., substan-

tially higher than for T-n-BP (9). In the third phase samples, the concentration

of water is twice that of HCl for T-iso-BP, and four times that of HCl for T-sec-

BP, confirming the pronounced hydration of the HCl-TBP monosolvates (25).

Regarding third phase formation, although the general behavior of the three

isomers is similar, two major differences can be seen in Fig. 2. First, the aqueous

HCl concentrations where organic phase splitting occurs change into opposite

directions for the iso and sec isomers as compared with T-n-BP (compare 7.3

M for T-n-BP with 8.0 M for T-iso-BP and 5.9M for T-sec-BP). Second, the

actual HCl LOC values are the same within experimental uncertainties for

T-n-BP and T-iso-BP, but the LOC for T-sec-BP is considerably lower

(compare 0.31 M for T-n-BP and T-iso-BP with 0.14 M for T-sec-BP). This

is in sharp contrast to previous results which show that, for the extraction of

Th(IV) from HNO3 solutions, T-iso-BP in n-dodecane is less prone to third

phase formation than T-n-BP, while for T-sec-BP the opposite is true

(15, 16). However, comparisons between TBP third phase formation under

different aqueous phase conditions (nitrate vs. chloride systems) may be mis-

leading given the vastly different behavior of water in the two cases, with

very little water being extracted into the organic phase from nitric acid

aqueous media (25, 26).
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Figure 2. Distribution isotherm and simplified phase diagram for the extraction of HCl by 0.73M T-n-BP, T-iso-BP and T-sec-BP in n-octane at

23+ 18C. (Data for T-n-BP taken from reference 9).
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As reported in a previous section, the T-sec-TBP extractant used in this

study contained about 5% of sec-butyl alcohol. The presence of this

impurity cannot be responsible for the lower LOC coordinates observed for

this isomer in Fig. 2 as compared to the other isomers. Alcohols, in fact, act

as solvent modifiers and typically shift the critical point of third phase

formation toward higher LOC and aqueous equilibrium solute concentrations

(27). Without the alcohol impurity, the LOC coordinates for T-sec-BP

in Fig. 2 would be even lower.

SANS Data

Figure 3 (experimental points) shows the SANS data for most of the organic

phase samples in Table 1.

The data in Fig. 3 clearly show how the scattering intensity in the low

Q region increases when increasing amounts of HCl, up to the LOC

condition, are extracted by the iso and sec TBP isomers. After phase

splitting, much lower intensities are exhibited for both systems by the

third phase and especially by the light phase samples (data shown in

Fig. 4). The behavior of the TBP isomers strongly parallels that reported

T-n-BP (9).

Table 2 reports the results of the Guinier analysis (ln[I(Q)] vs. Q2) and

modified Guinier analysis (ln[QxI(Q)] vs. Q2) for cylindrical particles.

These analyses were performed on the samples of Fig. 3 using the same

assumptions, procedure and equations reported previously (9). For compari-

son, Table 2 also reports the results for the T-n-BP LOC sample (9).

The Guinier analysis provided the radius of gyration, Rg, and the scatter-

ing intensity at zero Q, I(0). The value of I(0) was used to calculate the weight-

average aggregation number, nw, of the extractant using the previously derived

equation (28, 29):

nw ¼
Mw

MWTBP

¼
6:022� 1026d2TBPI(0)

½TBP�totalðrp � rsÞ
2MW2

TBP

ð3Þ

In Eq. (3), Mw is the weight-average molecular weight of the extractant

aggregates, MWTBP and dTBP are the molecular weight (266.32) and the

densities of T-iso-BP and T-sec-BP (0.965 and 1.043 g/mL, respectively),

and [TBP]total is the total extractant concentration in the organic phase. For

the calculation of the contrast factor (rp2rs)
2, the following values were used

for the scattering length densities: rp ¼ 1.553 � 109 cm22 for T-iso-BP and

1.679 � 109 cm22 for T-sec-BP; rs ¼ 6.426 � 1010 cm22 for D-octane.

These rp and rs values were calculated from the scattering lengths of the

individual atoms and the densities of the compounds.

The results in Table 2, obtained under the simplifying assumption that the

increase in scattering observed at low Q is due only to an increase in size of
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Figure 3. SANS data for T-iso-BP samples blank1 through 4(LOC) (upper panel),

and for T-sec-BP samples blank2 through 9(LOC) (lower panel). The continuous

lines were calculated using the Baxter model and the fit parameters reported in Table 3.
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Figure 4. SANS data for T-iso-BP samples 5 and 6 (upper panel), and for T-sec-BP

samples 10 and 11 (lower panel). The continuous lines were calculated using the Baxter

model and the fit parameters reported in Table 3.
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non-interacting aggregates (S(Q) ¼ 1 in Eq. (1)), indicate that the SANS data

can be formally interpreted as resulting from the formation of large cylindrical

micelles with lengths between 183 Å for the LOC sample of T-n-BP and 64 Å

for that of T-sec-BP.

The trend in the Rg, nw, Rcyl and L values for the LOC samples of the three

TBP isomers in Table 2 is consistent with expectations. Shorter and branched

alkyl chains should originate smaller, less aggregated and thinner cylindrical

micelles. However, as previously reported for the other TBP extraction

systems investigated (5–9), the existence in solution of large TBP aggregates

is unlikely because reverse micelles typically have very small aggregation

numbers (30). The scattering increase observed in the low Q range in Fig. 3

is more likely the result of critical concentration fluctuations due to inter-

actions between small reverse micelles and to structure factors higher than

unity (S(Q).1 in Eq. (1)).

For a quantitative evaluation of the interaction between micelles, Eq.(1)

was used after introducing the expression for the solute volume fractions

(see Table 1):

h ¼ NpVp ð4Þ

Table 2. Results from Guinier analysis and modified guinier analysis for cylindrical

particles

Sample Rg
a,b,Å nw

c,b Rcyl
d,e,Å Lf,e,Å

T-n-BP

LOCg 47+ 2 54+ 3 11.4+ 0.6 183+ 12

T-iso-BP

Blank1 5.1+ 0.1 2.0+ 0.1 / /
1 8.3+ 0.1 3.6+ 0.2 2.9+ 0.1 31+ 1

2 13.2+ 0.3 7.2+ 0.4 4.8+ 0.1 47+ 1

3 22+ 1 15+ 1 6.1+ 0.1 77+ 1

4 (LOC) 35+ 3 29+ 2 8.1+ 0.1 125+ 2

T-sec-BP

Blank2 4.6+ 0.1 2.2+ 0.1 / /
7 6.6+ 0.1 2.8+ 0.2 1.6+ 0.1 25+ 1

8 9.3+ 0.2 4.6+ 0.3 2.7+ 0.1 34+ 1

9 (LOC) 18+ 1 11+ 0.7 5.0+ 0.1 64+ 1

aRadius of gyration;
bFrom Guinier analysis;
cWeight-average extractant aggregation number;
dRadius of cylindrical micelles;
eFrom modified Guinier analysis for cylindrical particles;
gLength of cylindrical micelles;
fFrom reference 9.
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Table 3. Results from Baxter model calculations

Sample dhs Å nw

Core

diameter Å

Shell

thickness Å t21 kBT U(r) kBT

T-n-BP

LOCa 18.6+ 0.2 7.0+ 0.2 7.1+ 0.2 5.8+ 0.3 9.21+ 0.04 22.04+ 0.01

T-iso-BP

Blank1 12.9+ 0.1 2.4+ 0.1 2.9+ 0.1 5.0+ 0.1 3.95+ 0.08 21.19+ 0.02

1 14.5+ 0.1 3.3+ 0.1 4.8+ 0.1 4.8+ 0.1 5.25+ 0.08 21.48+ 0.02

2 16.2+ 0.1 4.5+ 0.1 6.4+ 0.1 4.9+ 0.1 6.47+ 0.08 21.69+ 0.01

3 17.6+ 0.1 5.7+ 0.1 7.7+ 0.1 4.9+ 0.1 7.58+ 0.06 21.84+ 0.01

4 (LOC) 17.9+ 0.1 6.0+ 0.1 7.9+ 0.1 5.0+ 0.1 8.62+ 0.07 21.97+ 0.01

5 (Third phase) 18.2+ 0.1 11.8+ 0.2b / / 4.91+ 0.07 21.41+ 0.02

6 (Light phase) 15.0+ 0.2 3.6+ 0.2 6.1+ 0.2 4.5+ 0.3 7.19+ 0.05 21.79+ 0.01

T-sec-BP

Blank 2 12.9+ 0.1 2.7+ 0.1 2.3+ 0.1 5.3+ 0.1 3.58+ 0.06 21.09+ 0.02

7 13.3+ 0.1 2.8+ 0.1 4.0+ 0.1 4.7+ 0.1 4.60+ 0.06 21.34+ 0.01

8 14.4+ 0.1 3.5+ 0.1 5.2+ 0.1 4.6+ 0.1 5.59+ 0.06 21.54+ 0.01

9 (LOC) 15.9+ 0.1 4.6+ 0.1 6.7+ 0.1 4.6+ 0.1 7.34+ 0.05 21.81+ 0.01

10 (Third phase) 12.8+ 0.2 7.0+ 0.2b / / 3.42+ 0.11 21.05+ 0.03

11 (Light phase) 15.3+ 0.1 2.5+ 0.2 4.1+ 0.2 4.3+ 0.3 6.16+ 0.15 21.64+ 0.03

aFrom reference 9;
bThe nw values for sample 5 and 10 represent the number of n-octane molecules contained in pockets or layers of diluent interspersed in the

third phases.
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P(Q) in Eq. (1) was calculated using the form factor of a sphere having

a diameter equal to dhs (31), while S(Q) was calculated using the equations

reported previously (2, 10–12).

The three parameters Iinc, dhs and t were used as fit parameters and were

optimized as described previously (5–9). The nonlinear curve fitting features

of the OriginTM program (MicrocalTM Software, Inc.) provided the uncertainty

associated with the fit parameters. The continuous lines in Figs. 3 and 4 show

the Baxter model fit of the SANS data. The data for the third phase samples

were fitted using the procedure described previously (5–9), which assumes

that the third phase samples are continuous phases made of extractant, HCl,

water and interspersed small amounts of n-octane. Table 3 summarizes the

values of the diameter of the hard sphere, dhs, and of the stickiness

parameter, t21, provided by the Baxter model calculations. The values of

the parameters reported previously for the T-n-BP LOC sample (9) are

included in Table 3 for comparison.

The values of the hard sphere diameter, dhs, obtained for each sample from

the Baxter model fit of the SANS data, were used to calculate the volume of the

spherical scattering particles. This volume comprises both the volume of

the inorganic constituents of the micelle (the polar core) and the volume

occupied by the extractant (the lipophilic shell). By using the analytical data

in Table 1, the volume of the shell was estimated by subtracting from Vp the

volume occupied by the inorganic solutes. Finally, the weight-average aggre-

gation number of the extractant in the micelle, nw, was calculated by dividing

the volume of the shell by the molecular volume of the TBP isomers

(4.58 � 10222 cm3 for T-iso-BP and 4.24 � 10222 cm3 for T-sec-BP), while

the thickness of the shell was obtained from dhs and the diameter of the

core. Table 3 also includes the nw values (for the third phase samples,

however, nw represents the number of n-octane molecules contained in

pockets or layers interspersed in the third phase).

From the t values, the attractive potential energy between two particles,

U(r) in kBT units, was calculated through Eq. (2), assuming a width of the

attractive well equal to 10% of the hard sphere diameter. The U(r) values

are also reported in Table 3 together with the diameter of the inorganic core

and the shell thickness.

The dhs, nw and core diameters values for T-iso-BP and T-sec-BP in

Table 3 are consistent with the HCl extraction mechanism proposed earlier

for T-n-BP(9). In the absence of inorganic solutes, the TBP isomers exists in

solution as dimeric species. Upon extraction of HCl and water, the extractant

molecules organize in the form of small reverse micelles that swell when more

HCl and water report into their polar core. The swelling, clearly documented

by the large increase of the values of the core diameters in Table 3, creates

the spatial conditions for accommodating more TBP molecules into the hydro-

phobic shell of the micelles. The values of nw for the LOC samples change

from 7 (T-n-BP) to 6 (T-iso-BP), to 5 (T-sec-BP). This trend reflects the

steric hindrance due to branching, especially on the first carbon atom.
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Without accounting for the core swelling, the hard sphere diameters for

the T-iso-BP and T-sec-BP LOC samples should be about 2.5 Å shorter

than for T-n-BP (the projection along the direction of the alkyl chain of

a C-C bond length (1.54 Å) with a C-C-C bond angle of 109.58 is equal to
1.26 Å(30)). Overall the dhs values for the T-iso-BP and T-sec-BP LOC

samples are indeed shorter than for T-n-BP, but less than predicted based

on the length of a propyl vs. a butyl chain, because of the more pronounced

swelling of the micellar core due to enhanced water extraction by the iso

and sec isomers.

The length of a fully extended hydrocarbon tail with n carbon atoms

attached to the polar group of a surfactant, lmax, can be calculated with the

help of Tanford’s equation (30):

lmax ¼ ð1:5þ 1:265nÞÅ ð5Þ

For n equal to four or three, Eq. (5) provides a maximum length of 6.6 Å and

5.3 Å for the butyl and propyl chains of T-n-BP and the branched isomers,

respectively. The values of the shell thickness for the LOC samples in

Table 3 (5.8, 5.0 and 4.6 Å, for T-n-BP, T-iso-BP and T-sec-BP), are within

87% and 94% of the maximum lengths of the respective chain lengths. It is

generally expected that the effective length of a hydrocarbon tail in the

liquid state is within 80% of its fully extended chain length (30, 32).

Based on the analytical results in Table 1, at the LOC condition, each

T-iso-BP micelle should contain six molecules of extractant plus three

molecules of HCl and six molecules of water. Similarly, the LOC micelle

of T-sec-BP should include five molecules of extractant and one and five

molecules of acid and water, respectively. By using the values of the core

diameters and shell thicknesses in Table 3, the micelles present in the LOC

samples can be schematically represented as shown in Fig. 5.

Regarding the energetics of third formation in the extraction systems

investigated in this work, it remains to discuss whether the results in

Table 3 are consistent with the expectations derived from our micellar inter-

action model. Both the values of the stickiness parameter, t21, and the inter-

action energy, U(r), for the three TBP isomers indicate that at the point of

phase splitting (LOC condition) the micelles interact progressively less

strongly in moving from T-n-BP to T-iso-BP and T-sec-BP. At first sight

this seems to contradict the concept that micelles with a thinner hydrophobic

shell should experience more strongly the van der Waals attraction between

their polar cores. However, the trends exhibited by the t21 and U(r) values

in Table 3 can be rationalized when the structure of the alkyl chains of the

three extractants is properly taken into account.

The merging of the reverse micelles into a new phase is equivalent to a

process of micelle fusion. For this to happen, the micelles must co-penetrate

and loose their individuality. The fusion of two micelles is more difficult

and requires a higher energy of interaction for longer chains (T-n-BP). For
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shorter chains with branching at the far end (T-iso-BP) the fusion is still

relatively difficult because of the steric micellar stabilization provided by

the branching (micellar fusion is hampered by far end branching). The

fusion process is easier and therefore takes place at a lower attraction

energy when the alkyl chains are shorter and the branching is closer to the

micellar core (T-sec-BP).

Figure 5. Schematic two-dimensional representation of the T-iso-BP and T-sec-BP

reverse micelles for samples 4 (LOC) and 9 (LOC).
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These considerations should reflect in how rapidly the intermicellar

energy of attraction increases as a function of the HCl concentration in the

organic phase, i.e., in the value of the derivative d(U(r))/d[HCl]org. This
value for the three extractants can be estimated from the data in Fig. 6,

where –U(r) is plotted vs. [HCl]org.

Figure 6 shows that the attraction energy increases more rapidly with

[HCl]org when the alkyl chain is shorter because the dipole-dipole attraction

is felt more strongly over a shorter distance. This effect is less evident for

T-iso-BP because the terminal branching prevents the two micelles from

merging easily. The terminal branching, thus, provides a sterical stabilization

that can be overcome only by a stronger energy of attraction. The lower U(r)

value observed for T-sec-BP is an indication that with this extractant the

merging of the micelles into a separate phase is easier and the critical U(r)

is reached more rapidly and at lower concentration of HCl in the organic

phase than with the other two extractants.

Figure 6. Plot of –U(r) vs. [HCL]org for T-n-BP, T-iso-BP and T-sec-BP. (Data for

T-n-BP taken from reference 9).
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CONCLUSIONS

Measurements of the distribution of HCl and H2O between aqueous solutions

and n-octane solutions of three TBP isomers, T-n-BP, T-iso-BP and T-sec-BP,

have shown that the three extractants exhibit comparable affinities for HCl.

However, the branched isomers extract much more water than the linear one.

The point of third phase formation is reached by T-iso-BP at a slightly

higher HCl aqueous concentration than for T-n-BP. The opposite is true for

T-sec-BP, for which the LOC condition is characterized by much lower

HCl concentrations both in the organic and aqueous phase.

SANS data for samples of T-iso-BP and T-sec-BP organic phases loaded

with progressive amounts of HCl and water up to the LOC condition were

interpreted using the same mechanism reported earlier for T-n-BP (9), with

the help of the Baxter model for hard spheres with surface adhesion. This

model analyzes the features of the scattering data in the low Q region as

arising from van der Waals interactions between the polar cores of reverse

micelles. The extractant micelles swell when more HCl and water are

extracted into their polar core and reach a maximum TBP aggregation

number of six for T-iso-BP and five for T-sec-BP. For these two extractants

the diameters of the micelles at the LOC conditions are 18 and 16 Å, respect-

ively, with shell thicknesses within about 90% of the length of the fully

extended alkyl chains.

The critical values of t21 and U(r) are slightly different and characteristic

for each of the extractants, depending on both the length and the branching of

the alkyl chains. In the case of T-sec-BP, the shorter alkyl chains with

branching close to the micellar core require a significantly lower energy of

attraction than with the other isomers for the reverse micelles to merge into

a separate third phase.
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