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Computational problems in evaluation of colligative property data are discussed. Especially, the
problem of the determination of the calibration constants is analyzed. Calibration constants may be
determined either using reference substances or simultaneously with the aggregation constants of the”
compounds studied. However, calibration constants should be considered as “danger” parameters
and experimental determination is highly recommended.

The aggregation equilibria of bis(2-ethylhexyl)monothiophosphoric acid (DEHTPA) and trioctyl-
methylammonium chloride (TOMACI) dissolved in toluene were investigated by vapour pressure
osmometry. The experimental data were treated numerically by the program CPLET and the aver-
age aggregation number 7 of the extractants, as well as the aggregation constants were determined. It
was found that DEHTPA exists in toluene as an equilibrium mixture monomer—dimer—dodecamer
and TOMACI as monomer, trimer, and tetramer species, respectively.

Knowledge of aggregation equilibria of extraction
reagents in the organic phase is of high importance in
extraction chemistry. Aggregation of some extractant
reagents like long-chain amines [1—4], dialkylphos-
phoric acids [5], dialkyl(thio)phosphoric acids, etc. in
diluents can be studied with advantage by vapour
pressure osmometry (VPO). The method can be ap-
plied to study aggregation equilibria of solutes A, B,
C,and D

pA +gB +1C + sD « A,B,C,D, (1)
_ [A,B,C,D,]
Bour = TRp[BI[CT DT @

Osmometry is similar to cryoscopy and ebul-
lioscopy. Generally, these methods are used in equi-
libria studies based on a relationship

Y = KS (3)

or more generally
Y = K8 + Ky2S% + K353 (4)
where Y is e.g. vapour pressure lowering, freezing

point depression, or resistance difference AR in VPO,
S is the sum of the concentrations of all solute species

and K, is a proportionality factor which can be usu-
ally considered as a constant for a given solvent. In
some cases the second and the third term can also
be applied to correct the nonideal behaviour. Colliga-
tive property equilibrium data, particularly in VPO,
can be evaluated with the CPLET program [6] using
the general least-squares method while applying pit-
mapping, Simplex, Davidon—Fletcher—Powell and
the steepest descendent minimizing routines. The pro-
gram CPLET using optimization approach calculates
the equilibrium, calibration constants, and the stoi-
chiometric coefficients, which give U, the minimal sum
of squares of residuals, defined as

U= Z(ARcalc - A}%exp)2 (5)

From the measurement of colligative property as a
function of the reactant concentrations, the “best” set
of complexes and corresponding equilibrium constants
are found. Also the stoichiometry of the species can
be directly searched for via simultaneous regression
estimation of equilibrium constant and stoichiomet-
ric indices. The program is afforded with a complete
statistical analysis of residuals.

Computational problems when evaluating this
kind of data are observed if oligomerization constants
are too high, if limited number of experimental data
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are available, and calibration constants of the appa-
ratus are evaluated simultaneously with equilibrium
constants.

These problems are studied in this work and bis(2-
ethylhexyl)monothiophosphoric acid (DEHTPA) and
trioctylmethylammonium chloride (TOMACI) oligo-
merization in toluene was investigated experimentally.
The results of this work were briefly reported else-
where [7].

EXPERIMENTAL

TOMACI1 (Fluka), tributyl phosphate (TBP)
(Merck AR), toluene (Merck AR), anthracene (Merck),
and DEHTPA (Bayer AG Leverkusen) were used with-
out further purification. Benzil (Merck, AR) was twice
recrystallized from dried methanol. Solutions of ben-
zil, anthracene, TBP, TOMACI, and DEHTPA were
prepared by weighing. The molality range used was
up to 0.150 mol kg™1.
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The osmometric measurements were carried out at
303 K using a Knauer Vapour Pressure Osmometer,
model No. A0280 and a universal probe. Benzil, an-
thracene, and TBP were used as the external stan-
dards because they are expected to be monomeric in
toluene in the concentration range of interest.

The differences of resistance AR were measured
as a function of the concentration for the standards,
organothiophosphoric acid and TOMACI.

Table 1. Calibration Constants Kx Obtained for Different Ref-
erence Substances in Toluene at 303 K

Substance Kx

Benzil 621 £ 19

Anthracene 676 + 14

TBP 679 £+ 11

Average 658 + 33
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(ARcalc — ARe,q;,)2 as a function of dimerization constant log 32 of bis(2-

ethylhexyl)phosphoric acid (HDEHP) and calibration constant Ky; at various view angles < XY and < Z. The values
in minimum are log B2 and Kx1 = 1920. Simulated data are taken from [6].
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Fig. 2. Shape of the minimum of U as a function of logfB2 and logfB3 for aggregation of mono(2-ethylhexyl) ester of 2-
ethylhexylphosphonic acid (DINA.HCI), cf. data in [6]. The values in minimum are log B2 = 3.40, log33 = 5.56, and

calibration constant Kx = 405.2 (fixed).
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Fig. 3. AR plotted as a function of the total reagent molality in toluene. ® Anthracene, ® tributyl phosphate, A benzil, 0 DEHTPA,

0 TOMACL

The measured property AR may be expressed as a

function of the sum of the concentrations of all species
S

AR = K,S (6)

where K is the calibration constant and may be ob-
tained by measuring AR for different standard solu-
tions, which are monomeric in toluene [3]. The values
of the calibration constants are given in Table 1.

In order to obtain reliable AR values the drop size
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was kept as constant as possible and equal in both
thermistors, and the measurements were performed by
reading AR five minutes after placing the drops on the
thermistors. In this manner the precision of AR was
maintained below 2 %.

RESULTS AND DISCUSSION
Using simulated data for dimerization of bis(2-

ethylhexyl)phosphoric acid (HDEHP) (log 82 = 3.67)
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Fig. 4. Average aggregation number 7 as a function of the total molality of DEHTPA (m) and TOMACI (@) in toluene.

at various levels of random noise while calibration con-
stant was Ky; = 1920, it was shown that from suffi-
ciently accurate data both, the dimerization constant
B2 and the calibration constant Ky; can be safely com-
puted [6].

However, when looking at the minimum, visual-
ized in 3-D diagrams, it is evident that U, the sum
of squares of residuals as a function of log 8 and Ky
is highly dependent on log/ but not on the calibra-
tion constant Ky;. The sum of squares of residuals as
a function of parameters around the minimum shown
from different view angles is given in Fig. 1A—D.

Thus, calibration constant(s) should be considered
in colligative property equilibrium studies as “danger”
parameters and even if they can be computed by the
CPLET [1] program simultaneously with the aggrega-
tion equilibria, independent experimental determina-
tion is highly recommended.

On the other hand, it is demonstrated in Fig. 2
that quite expressive minimum is obtained when plot-
ting U, the sum of squares of residuals, as a func-
tion of oligomerization constants. The system is that
one published by Miralles [6], i.e. for the formation
of dimer and trimer of mono(2-ethylhexyl) ester of 2-
ethylhexylphosphonic acid.

At the study of the oligomerization the experimen-
tal data AR were plotted as a function of the total
molality of DEHTPA and TOMACI in toluene and are
given in Fig. 3. As may be observed, the experimental
points for DEHTPA and TOMACI in toluene system
deviate strongly from the monomeric behaviour of the
standards in toluene. Thus, it can be assumed that
deviations of the measured AR values from those of
the standards solutions are due to the formation of
the aggregates.
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Treatment of Data

The aggregation of the bis(2-ethylhexyl)monothio-
phosphoric acid and trioctylmethylammonium chlo-
ride can be described by an equation

nA = (A)n (7)

Assuming ideal behaviour of organophosphinic
acid the stoichiometric constant 3, can be written as

_ [(A)]
(A

Then, from the experimental data (AR, [Aliot) for
each temperature and system, and using eqn (1) with
the calibration constants given in Table 1, the val-
ues of S may be calculated. The average aggregation
number 7 of the extractant reagents in toluene may
be determined as

Bn (8)

Ao

n= (9)

where [A]iot and S are defined as
[Altot = nBa[A]" (10)
S =[A] + B [A]" (11)

and n varies from 1 to V.

In Fig. 4 the average aggregation number has been
plotted as a function of the total concentration of
the extractant reagents for the systems DEHTPA—
toluene and TOMACl—toluene.

The experimental data (AR, [A]iot) have been
treated with the CPLET program [6]. As the cali-
bration constants are “danger” parameters, they were
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Table 2. Summary of CPLET Calculations for the Aggrega-
tion of DEHTPA in Toluene

Table 3. Summary of CPLET Calculations for the Aggrega-
tion of TOMACI in Toluene

Run Parameter Calculated* Fitness test Run Parameter Calculated* Fitness test
1 log B2 2.06 + 0.09 o = 2.55 1 log B3 10.22 + 2.37 o =143
K. 658 U =104 Ky 658 U = 33.1
n 2 n 3
2 log B2 2.02 £+ 0.09 o =211 2 log B4 5.84 £ 0.10 o =1.36
Kx 658 U =712 Ky 658 U =277
n 2.47 + 0.21 n 4
3 log 2 0.89 + 0.13 =220 3 log B3 8.52 + 9.45 o =142
Kx 514 £ 15 U=718 Kx 648 + 55 U = 30.4
n 2 n 3.0+ 0.2
4 log 2 1.52 & 0.09 o =204 4 log B2 3.42 + 0.03 o =1.05
Kx 583 & 30 U =669 log B4 8.69 + 0.05 U =156
n 2.42 £+ 0.25 Ky 658
5 log B2 1.30 + 0.28 o =2.06 " &
log B3 2.44 + 0.07 U = 68.0 " 4
Kx 658 5 log B2 3.22 + 1.06 o =105
n 2 : log B4 8.45 + 1.76 U=155
n 3 Kx 672 £ 7
6 log B2 1.11 + 0.32 o =2.03 n 2
log 8 2.07 £ 0.13 U =664 " %
Kx 615 + 21 6 log B3 4.69 + 0.085 o = 1.037
n 2 log B4 6.67 £ 0.07 U =150
n 3 Kx 658
7 log B2 140 £025 o =2.04 n 3
log 3 2754047 U =671 w4
Kx 658 7 log B3 3.40 + 1.08 o =103
n 2 log B4 7.25 + 0.12 U =150
n 3.23 £ 0.42 Ky 758 + 7
8 log B2 148 £013 o =201 m 3
log B4 3.56 £ 0.02 U =647 no4
Kx 658 8 log B2 2.58 + 0.05 o =1.05
n 2 log B3 4.69 U =154
n 4 log B4 7.44 £ 0.05
9 log B2 1194015  o=198 B, BSR
log A4 292 £0.08 U =630 B &
Ky 600 %+ 7 i 3
n 2 n 4
n 4 9 log B3 4.69 o =103
10 loghs 176 £0.03 o =193 loglly BGF U=150
log f12 1484 £ 012 U =558 Kx GHa o ¥
K, 658 n 3.06 + 0.03
n 2 n 3.91 + 0.06
" 12.01 £ 0.08 * g(Kx) is the standard deviation obtained from five parallel
11 log B2 1.76 £ 0.03 o =193 determinations.
log B12 14.84 & 0.12 U =558
Ky 658
B 2 resulting values are given in Table 1.
w2 The results of the calculations for the aggregation
12 log B2 1.76 + 0.03 o =193 of DEHTPA and TOMACI in toluene are summarized
log f12 14.84 £ 0.12 U =558 in Table 2 and 3, respectively.
K 5 i e It follows from Table 2 that the assumption of
Z 12 dimer formation (Run 1) yields rather high standard

* Parameters not calculated have been fixed at the given values.

determined experimentally for several substances. The
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deviation o(AR) equal to 2.55 and that the calcula-
tion of stoichiometry gives the value n = 2.47 in Run
2 which is far from integer. In addition, in Run 3 si-
multaneous calculation of K yields the value of Ky
equal to 5.14, which is far from the experimental value

113



50

25

A

1 1 1 1
0.00 0.04 0.08 0.12 0.16 0.20

[A)iot/(mol kg'1)

A2

0 | | 1
0.00 0.04 0.08 0.:2 0.6 0.20

[A]to'/(mol kg'1)

Fig. 5. Distribution diagrams as a function of the total molality
of TOMACI (a) and DEHTPA (b) in toluene.
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K, = 658. Simultaneous calculation of log 82, Ky, and
n (Run 4) is giving slight improvement only. Assump-
tion of dimer and trimer (Runs 5—7) was not improv-
ing fitness test too much. Only slight improvement was
also observed in Runs 8 and 9 for dimer and tetramer.
After complicated search for a better model formation
it was found that dodecamer is accepted instead of a
tetramer (Run 10). If n is rounded to integer, i.e. to
12 in Run 11 “the best” values for log 32 and log (12
were obtained. Correctness of the model was proved
(Run 12) at the calculation of K. In this case the
value near to the experimental one was found.
Similarly, from Table 3 it is clear that only trimer
(Runs 1, 3) or tetramer (Run 2) cannot explain data
sufficiently. Dimer and tetramer (Runs 4, 5) are im-
proving slightly the fit. Still better fit was obtained as-
suming trimer and tetramer (Runs 6, 7). An attempt
with dimer, trimer, and tetramer (Run 8) was not
successful. “The best” seems to be the formation of
trimer and tetramer (Run 6). An attempt to calcu-
late simultaneously with log 33 and log 8, calibration
constant Ky yields, however, the value of K, far from
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the experimental one (758) (Run 7). Thus, as “the
best” model, log 8 values obtained in Run 6 are rec-
ommended. Correctness of the model was proved in
Run 9, where it is shown that the calculated values of
stoichiometric indices are near to 3 and 4. Distribution
diagrams for the best models are given in Fig. 5.

CONCLUSION

The results reported in this work for the aggre-
gation of DEHTPA and TOMACI in toluene indi-
cate that these compounds at the experimental con-
ditions used exist in toluene in equilibrium of the
monomer with dimer and dodecamer (the former), and
as monomer, trimer, and tetramer (the latter), respec-
tively.

As seen from Fig. 4 the average aggregation num-
ber 7 increases with the total molality of DEHTPA
and TOMACI in toluene. In Fig. 5 the distribution
diagrams are plotted as a function of the total con-
centration of DEHTPA and TOMACI in toluene cal-
culated from the constants given in Run 12 of Table 2
and Run 6 of Table 3, respectively.

For the DEHTPA—toluene system, the monomer
is the predominant species at molality lower than
0.030 mol kg~! while dimeric species is predominant
at the higher molalities, while the amount of dode-
camer accounts for less than 15 %. Concentration of
monomer species is lower than 25 % in the range of
molalities studied.

For the TOMACI]l—toluene system, trimer species
is dominant up to molality equal to 0.16 mol kg~?
while tetramer is the dominant species at higher mo-
lalities. Mass fractions of monomeric species are lower
than 10 % in the molality range used.
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