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Study on the Extraction of L-Phenylalanine with Organo-phos-
phoric Acid in Two and Three-phase System
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The extraction behaviors of L-phenylalanine by di-(2,4,4-
trimethylpentyl) phosphinic acid , di-(2,4,4-trimethyipentyl)-
monothiophosphinic acid and di-(2-ethylhexyl) phosphoric acid
were studied in both two-phase and three-phase systems respec-
tively. The equilibrium constants for these extraction reactions
were calculated.
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Introduction

The extraction of amino acids has recently attracted a
great deal of attention. They could be extracted into re-
verse micelles or microemulsions with a surfactant such as
AOT [ sodium di-( 2-ethylhexyl ) sulfosuccinate ] . Lea-
didis et al. investigated the partition of amino acids be-
tween water and reverse micelle interfaces, and discussed
the related factors influencing the distribution in their se-
ries of papers.'® Adachi et al .’ reported that the extrac-
tion of amino acid was given by the sum of the contribu-
tion of solubilization in the water pool and that of associa-
tion at the interface. Rabie et al .S studied the effect of
amino acids at zwitterionic condition on the water uptake
of AOT reverse micelle system and showed that the water
uptake increased almost linearly with the initial amino
acid concentration. Fu et al.” measured the equilibrium
constants for the association of AOT anions with amino
acid in its cationic form ( A* ) and the constants for the

* E-mail: fuxun@ qust. edu. cn

association of AOT molecule with its zwitterionic form
(A*), respetcively, at different temperatures, and found
that the associated A™ at the interface decreased the water
uptake in the reverse micelles.

Amino acid could also be extracted into organic solu-
tion by complexing method with extractant, such as di-(2-
ethylhexyl) phosphoric acid (HDEHP, trade mark P204
in China), but the relative studies were limited to the
cationic exchange between A* and H* in a lower aqueous
pH range.*" Liu et al.! expanded the experimental pH
range and investigated the extraction of L-phenylalanine
witi HDEHP. They confirmed the cationic exchange be-
tween A* and H* at pH 1—3 written as the Eq. (1),
where the partition coefficient (D) of amino acid between
two phases increased with the increase of pH. But they
found that in higher pH of 3—5, the extractant reacted
with A* by proton-transfer, see Eq. (2), to form the
same complex as in the lower pH. In this case D was in-
fluenced little by aqueous pH values.
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Cyanex272 [ containing about 87% di-(2,4,4-tri-
methylpentyl ) phosphinic acid, HDTMPP ], and
Cyanex302 [ containing about 84% di-( 2,4,4-tri-
methylpentyl ) monothiophosphinic acid, HDTMPTP ]
(abbreviated as HP) are important extractanis used in the
extraction of metal ions. In the process of neutralization of
their organic solution with NaOH, the volumes of organic
phase increase with the increase of neutralization fraction
a, and the organic solutions even separate into two phas-
s, j. e., the third phase forms. This is because the
sodium salt of organo-phosphinic acid (NaP) has a hy-
drophilic head and two hydrophobic tails like AOT, show-
ing the characteristics of an anionic surfactant.

This paper aims to investigate the extractions of L-
phenylalanine with HDTMPP and HDTMPTP over a wider
aqueous pH range of 1—10 in both two-phase and three-
phase systems, and to compare them with the extraction
behavior of HDEHP and AOT.

Experimental

Cyanex272 and Cyanex302 were kindly supplied by
Cytec Co. in Canada, P204 was supplied by Shanghai In-
stitute of Organic Chemistry. Cyanex272 and P204 were
purified with the middle phase microemulsion method™
and Cyanex302 was purified with cobalt salt precipitation
method. ' Their purities were all higher than 99% . L-
Phenylalanine, sodium hydroxide and sodium sulfate were
of all A.R. grade. Hydrogenated gasoline was purchased
from Qilu Petroleum Chemical Company in China without
further purification.

Equal volumes (10.00 mL each) of gasoline solution
of extractant and aqueous solution of phenylalanine (ini-
tial concentration was 2.0 mmol/L) containing Na,SO;
(0.2 mol/L) to maintain the ionic strength, and NaOH
for adjusting the aqueous pH or the neutralization fraction
(a) of the acidic extractants, were mixed in stoppered
tubes, shaken and equilibrated in a water bath at 298 K

for at least 24 h. The volumes of each phase were record-
ed carefully (the accuracy could be within 0.02 mL).
After the phase separation, the contents of phenylalanine
in the aqueous phase were analyzed by spectropho-
tometry™ with a 721 spectrophotometer (Shanghai, Chi-
na), and the pH was measured 'with a pHS-2 pH meter.
The water contents in the organic phase were determined
by Karl-Fischer titration ( WS-2 micro-water instrument,
Keson Co., China). The concentration of amino acid in
the organic phase for the two-phase system was obtained
by difference. In the three-phase system, our analysis
confirmed that the upper phase had no amino acid, so the
content in the middle phase was also obtained by calcula-

tion.

Results and discussion

Extraction of phenylalanine with HDEHP, HDTMPP and
HDTMPTP in two-phase system

The equilibrium aqueous pH < 7 has been chosen to
study the extraction of amino acid. In this case, the
equilibrium phase volume changes a little ( increases
about 0.1—0.2 mL), and no third phase forms.

The plots of the partition coefficient (D) of phenyl-
alanine between organic and aqueous phase with increas-
ing equilibrium aqueous pH are shown in Fig. 1. The
plot in Fig. 1(a) shows that the D increased with the in-
crease of pH at pH 1—3 and changed little at pH 3—S5 in
P204 system. This was consistent with the result reported
in the reference.!' But the extraction behaviors by €272
and C302 were different from P204. Phenylalanine was
extracted very weakly at pH < 6, but D increased sharply
with increasing at pH from then.

In neutral aqueous solution (pH = 6—7), phenyl-
alanine exists in its zwitterionic form of A* (the acidic
ionization constants of phenylalanine are pK,, = 1.83 and
pK2=9.13), the extraction reaction is supposed to be:

K
HP(,) + A&y + Naly = NaP-A%)+HG) (3)

where a, o represent aqueous and organic phase respec-
tively. The experimental data are listed in Table 1.1 and
Table 1.2, and lg Ky, on = -6.07+0.04, lg K| e
= ~6.04£0.04 are obtained respectively.
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Fig. 1 Plots of the partition coefficient D of phenylalanine vs. the equilibrium aqueous pH. (&) P204 (25%, V/V); (b) C272; (c)

C302.

Table 1.1 Extraction of phenylalanine with HDTMPP in two-phase system
cuomee (V/V%) 20% 25% 30% 40%
cxprvpp (mol/L) 0.613 0.766 0.919 1.226
By (mol/L) 0.08 0.24 032 0.08 024 040 0.16 0.32 0.4 020 0.40 0.60
pH 6.40 6.5 6.75 6.30 6.58 6.73 6.4 654 7T.00 6.25 6.4 6.79
bt (mmol/L) 0.77 094 102 077 1.02 1.08 095 1.05 1.52 097 1.08 1.5
¢3! (mmol/L) 1.23 1.06 098 1.23 098 0.82 1.05 0.95 0.48 1.03 0.82 0.48
el (mol/L) 0.48 0.64 072 048 0.64 0.80 0.5 0.72 0.8 0.60 0.8 1.00
ettt (mol/L) 0.533 0.374 0.294 0.686 0.526 0.459 0.758 0.595 0.437 1.025 0.825 0.625
D+ 0.62 0.8 1.04 0.62 1.04 1.4 0.9 1.10 3.21 093 1.4 3.21
Ig K, -6.01 -6.01 -6.06 -6.03 -6.08 -6.04 -6.10 -6.14 -6.07 -6.07 -6.15 -6.08
g K, ~-6.0720.04

Table 1.2 Exiraction of phenylalanine with HDTMPTP in two-phase system®
cromwere (V/V%) 20% 25% 30% 40%
cxpnere (mol/L) 0.587 0.733 0.879 1.174
iy (mol/L) 0.08 024 027 0.08 024 040 0.16 0.32 048 0.20 0.40 0.64
pH 671 691 6.9 6.5 6.84 6.92 6.58 6.72 6.8 6.4 6.45 6.73
b (mmol/L) 1.00 1.23 1.28 1.07 1.30 1.39 1.15 1.4 1.40 1.20 1.2 1.48
¢t (mol/L) 0.99 077 072 093 070 061 0.8 076 0.60 0.80 0.78 0.52
&% (mmol/L) 048 064 067 048 064 0.830 0.5 072 0.8 0.60 0.80 1.04
ctp (mol/L) 0.507 0.347 0.317 0.653 0.493 0.333 0.719 0.559 0.39 0.974 0.774 0.5%4
D,: 1.2 1.60 1.78 1.15 1.8 2.28 1.35 1.63 223 1.5 1.5 2.8
Ig K, -6.09 -6.05 -6.04 ~5.99 -6.07 -5.9 -6.05 -6.11 -6.03 -6.01 -6.05 -6.02
g K, -6.04+0.07

oY= Y =10.00 mL, ¢3™=2.0 mmol/L, cﬁ;‘so‘= 0.2 mol/L.
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In the system of AOT-n-heptane-phenylalanine-NaCl
(0.1 mol/L) we studied previously,” both reactions of

-

S™Nal,y + Ay = SNaAf, (4)
K’
S™Naly) + Ady = S™A() + Na)) (5)

were considered at 298 K in the aqueous pH range of
1.5—7, and K;'=2.29+0.09, K,’ =116.2+ 1.4,
respectively. The value of K,' was about 50 times of K’
indicating that the high extraction was caused by the elec-
trical combination of S~ with A* .

There is also a strong electrical force between P~
and A* in P204 extraction system. Considering the acidic
ionization constants, pK, ppgup = 2.79" is lower than
PK. morvere = 3.12% and pK, mpmer = 3.73.12 The
stronger acidity of HDEHP might be a reason for explain-
ing big difference between the extraction behavior by
HDEHP and by the other two extractants. H* in P204 is
easier 1o be exchanged by A* [Eq. (1)], it can even be
transferred into A* resulting also the combination of P~
with A* . We have also noticed that the polar heads of
305" and PO4 in AOT and HDEHP, respectively, have
more oxygen atom than that in HDTMPP (PO; ) and
HDTMPTP (PSO~ ). More oxygen atom should make the
extractant hydrophilic heads have more chance to combine
with A* in aqueous solutions.

The extraction behaviors of the systems Cyanex272
and Cyanex302 are very similar even their pK, values are
different. In the pH range of 6—7, the neutralized frac-
tion (a) of the organic acids is about 15%—55% . In
this range, reverse micelle or w/0 microemulsion formed
in the organic phase, where the free acid (HP) toke part
in the structure as a co-surfactant like an alcohol.!®!°
The volumes of the organic phases in the system of HP
(0.4 mol/L)-kerosene-H,0 (NaOH, NaySO, 0.1 mol/
L) increased about 5% for Cyanex272 and about 12% for
Cyanex302 system (see Fig. 3 in the Ref. 15) owing to
the water solubilization. The sodium salts NaDTMPP and
NaDTMPTP with surfacial activities should locate at the
interface of the reverse micelle or microemulsion, so the
combination of the extractant with A* should be there
too. The molecules of HyO and/or HP associated with the
polar head P~ would be replaced by the extracted amino
acid. The experiment here showed that the volume in-
crease of the organic solutions loaded amino acid was less

than 2% , which was omitted in the calculation of the da-
ta in Table 1 and 2 respectively. The data indicated that
the extraction of amino acid was neither attributed to
cationic exchange between A* and H*, nor the proton-
transfer from HP to A* as in the HDEHP system, but to
the association of the sodium salt with amino acid in the
zwitterionic form at the interface.

The Lewis basicity of the bond P = O in NaDTMPP
was stronger than that in NaDEHP, which was proved by
the '"H NMR spectra measurements for their microemul-
sions.? It was also reported that the hydrophilic property
of NaDTMPTP was stronger than that of NaDTMPP. This
order was supported by the data of formation heats ( —
AHyprwee > — AHypmere) and of dipole moments
(Dapmyre < Drpmvere) - The similar values of lg K; cor
and lg K, ¢y, might be resulted by the association compe-
tition of amino acid A*, unneutralized organic acid HA
and water with the polar head of the extractant at the in-
terface of the reverse micelle or microemulsion. We have
tried to write a direct reaction in the form of NaP with A *
as Eq. (4) in the AOT system, but we found that the
unneutralized organic acid had an effect on the extraction.

Extraction of phenylalanine in three-phase system

In this part, the extraction is discussed based on the
following assumptions:

(1) The sodium salt NaP is accumulated in the in-
terfacial zone of the middle phase microemulsion. %%

. sin
CNaP = CHp " Q@ * (6)

ym
where m represents the middle phase and in represents the
initial state.

(2) The amino acid exists in both the middle phase
and aqueous phase, but is not soluble in the light organic
phase composed mainly with gasoline.

e Vo= cpfe ety cpeym (7)
where f represents the final state.

(3) The amino acid extracted in the middle phase is
the sum of the phenylalanine solubilized in the water pool

and that associated with surfactant at the interfacial zone.

cF=cRb+ ey (8)
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where b and s represent the bonding and solubilizing re-
spectively. _

(4) The water pool has the same composition and
properties as the bulk aqueous phase because the water
content in the middle phase microemulsion is much larger
than that in reverse micelles of the organic solution.

k= ek (9)

The experimental conditions chosen in this study are
as follows: All initial volumes of both organic and aque-
ous solutions, initial concentrations of phenylalanine and
Na,SO;4 in aqueous are as the same as those in the two-
phase system, but the organic acid is almost completely
neutralized by NaOH (a = 1.0 for both of Cyanex272 and
P204, a =0.9 for Cyanex302 respectively) . Under these
conditions, the equilibrium aqueous pH values are ranged
between 7—10, where phenylalanine exists in its zwitteri-
onic and anionic forms (A*and A~ ), and their fractions
f+ and f_ can be calculated by the values of K, K,
and pH.

Suppose that the anionic surfactant NaP associates
with A* become NaP+ A* at the interfacial zone in the
middle phase microemulsion:

K
NaP(, + Ay == NaP-Af, (10)
m,b
Ky=—F2 (11)

= af, . I
¢ " fs " Chep

where cF,p is given by Eq. (6) and is calculated by Eq.
(12) which is derived from Eqs. (7) and (8):

gt = (g™ Vo — et Vol oyl v /v
(12)

where V™ represents the volume of aqueous solution sol-
ubilized in the middle phase microemulsion.

The three-phase extraction data are listed in Table
2.1, 2.2 and 2.3, and the equilibrium constants ob-
tained are K 7, =1.96+0.18, K; cap =2.15+0.09
and K pyy =2.21 +0.20 respectively.

These equilibrium constants are very close again and
even close 10 K'; yor =2.29 £ 0.01 for Eq. (4). In
AOT-heptane-phenylalanine-NaCl (0. 1 mol/L)-H,0 sys-
tem, where the volume of water solubilized in organic

phase was about 20% in the equilibrium organic solution
at 298 K and pH 6. The solubilized water has also a con-
tribution to the extraction as the system studied in this
part. At the same time, all the initial organo-phosphoric
acids are neutralized by NaOH, (in Cyanex302 system,
its neutralized fraction a = 90%,, higher than this value
made aqueous pH> 10 , then f,+ will be too low to be

Table 2.1

Extraction of phenylalanine with HDTMPTP in three-

phase system

cromwere (V/ V%)

10 15 20 25 30

crpmvere (mol/L) 0.293 0.440 0.587 0.733 0.879
cneorr (mol/L) 0.264 0.397 0.528 0.660 0.791
Vippee (mlL) 7.84 6.23 4.57 3.10 1.6l
Vaiane (mL) 5.20 7.35 9.90 12.22 14.39
Vigwer (mL) 6.96 6.42 5.53 4.68 4.00
pH ' 8.35 8.43 8.4 8.49 8.57
fat 0.8 0.83 0.83 0.81 0.78
¢3! (mmol/L) 1.35 1.19 1.03 0.92 0.84
¢t (mmol/L) 2.04 1.68 1.44 1.28 1.16
B4 (mol/L) 0.51 0.54 0.53 0.54 0.55
V™* (mL) 3.04 3.58 4.47 5.32 6.00
E (%) 53 6 71 18 8
Solubilization (%) 38.7 34.5 31.9 31.2 30.2
Association (% ) 61.3 65.5 68.1 68.8 69.8
K, 2.11 2.09 2.15 2.19 2.25
K, 2.15+0.09

Table 2.2 Extraction of phenylalanine with HDTMPP in three-

phase system

cromer (V/ V%) 10 15 20 25 30
crpmer (mol/L) 0.306 0.459 0.613 0.766 0.919
cneont (mol/L) 0.306 0.459 0.613 0.766 0.919
Vigpee (mL) 7.70 8.10 5.00 3.90 3.10
Viiage (mL) 5.30 5.90 9.70 11.60 12.80
Viewer (mL) 7.00 6.00 5.30 4.50 4.10
pH 9.10 9.30 9.56 9.60 9.66
far 0.50 0.40 0.27 0.26 0.24
et (mmol/L) 1.52 1.52 1.52 1.42 1.36
¢ (mmol/L) 1.76 1.84 1.23 1.17 1.13
%8 (mol/L) 0.58 0.58 0.63 0.66 0.72
y=s (mlL) 3.00 4.00 470 5.50 5.9
E (%) 47 55 60 68 72
Solubilization (%) 48.7 55.8 59.8 57.4 55.6
Association (%) 51.3 44.2 40.2 42.6 44.4
K, 2.06 1.71 1.8 2.001 2.13
K, 1.96+0.18
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Table 2.3  Extraction of phenylalanine with HDEHP in three-

phase system _
cme (V/V%) 0. 15 20 25 30
crperp (mol/L) 0.278 0.417 0.557 0.69 0.835
enoon (mol/L) 0.278 0.417 0.557 0.696 0.835
Vipper (mL) 7.16 4.85 3.58 2.29 1.58
Vaigae (mL) 4.82 17.60 10.13 12.13 13.25
Viowee (mL) 8.2 7.5 6.29 5.58 5.17
pH 7.2 7.07 7.12 17.17 1.33
Sar 0.99 0.99 0.99 0.99 0.98
c%f (mmol/L) 1.20 1.05 0.94 0.80 0.71
¢ (mmol/L) 2.15 1.59 1.39 1.28 1.23
Vi, (mol/L) 0.58 0.55 0.55 0.57 0.63
V=* (mL) 1.98 2.45 3.71 4.42 4.83
E (%) 51.8 60.4 70.4 77.6 81.5
Solubilization (%) 22.8 21.4 24.5 22.7 21.1
Association (%) 77.2 78.6 75.5 71.3 78.9
K, 2.41 2.19 2.05 2.19 2.21
K, 2.21+0.20

extracted) . The effect of the unneutralized free acid on
the extraction discussed in above part can be neglected,
so there is more similarity between the extractant systems
and AOT system. In a word, the obtained extraction con-
stants imply that the association between S~ or P~ with
A* is little affected by the surfactants when they locate at
the interface. The different hydrophilic-hydrophobic prop-
erties of these four extractants make a different phase be-
havior and a different extraction contribution by the solu-
bilization. The biggest contribution by solubilization of
higher than 50% has been found in the system of
Cyanex272. '

The third phase formation at 298 K in AOT extrac-
tion system had been observed just at pH< 1.5. In that
strong acidic medium, the head group of —SO;Na in
AOT molecules was supposed to be changed to —SO;H.
Both the marked association competition between A* and
H* with —S05 and the low volume of the middle phase
made the extraction efficiency of the amino acid decrease.

Summary

Summarizing the extractions of phenylalanine with
AOT, HDEHP, HDTMPP and HDTMPTP, it is found
that there are three forces to make the amino acid be ex-
tracted into organic phase or middle phase from aqueous
solution.

(1) Electrical combination of S~ (or P~ ) with A* .

(2) Association of the surfactant SNa or NaP with
A* at the interface.

(3) Solubilization of amino acid in the water pool of
reverse micelle or middle phase microemulsion.

The first force in AOT and HDEHP systems is much
stronger than that in HDTMPP and HDTMPTP systems.
The high extraction from the lower pH medium in the for-
mer systems is caused by the electrical combination of an-
ionic S™ or P~ with A*.

Concerning about the second force, association be-
tween the surfactant molecule SNa or NaP with A* at the
interface, the association constants are almost the same
for the four systems, Kj noewp = 2.21 & 0.20,
K2,NaD’1'MPP =1.96+0.18, KZ,NaUl'MPl‘P =2.15+£0.09
for Eq. (10) and K'y,s0r=2.29 £ 0.09 for Eq. (4),
respectively. The results indicate that the association is
little affected by molecule structure of the surfactants
when they locate at the interface.

Finally, the contribution to the extraction by the sol-
ubilized water in the middle phase could be higher than
50% , much higher than that in the two-phase reverse mi-

celle system.
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