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Distribution Behavior of L-Phenylalanine by Extraction
with Di(2-Ethylhexyl) Phosphoric Acid

YANG-SHENG LIU, YOU-YUAN DAI,* and JIA-DING WANG
DEPARTMENT OF CHEMICAL ENGINEERING

TSINGHUA UNIVERSITY

BEIJING 100084, PEOPLE’S REPUBLIC OF CHINA

ABSTRACT

In the separation processes of amino acids, zwitterionic species are prevented from
being exchanged because of the spatial proximity of two opposite charges on the
molecule. There would be a high chemicals cost due to the need to change the solu-
tion pH. It is therefore desirable to develop a novel recovery technology for amino
acids in the middle pH range. A series of extraction equilibrium experiments for L-
phenylalanine (L-phe) with di(2-ethylhexyl) phosphoric acid (D2EHPA) dissolved in
n-octane was carried out. The effects of L-phe concentration, D2EHPA concentration,
and pH on the distribution ratio were discussed in detail. The infrared spectrogram of
the organic-phase-loaded solute illustrated that the pH condition had little effect on
the structure of the complex. There are proton-transfer and ion-exchange reactions in
the extraction. One L-phe molecule is extracted by forming a complex with two
dimeric D2EHPA molecules. An expression of the equilibrium distribution was pro-
posed.

INTRODUCTION

Amino acids are valuable bioproducts. They find their principal commer-
cial applications in human foods, animal feed additives, and in the pharma-
ceutical field (intravenous solutions, medicine, cosmetics). They are also used
as intermediates for the synthesis of special chemicals like hypocaloric sweet-
eners, chelating agents, and pharmaceutical peptides. Most of the amino acids
are produced in commercial quantities by microbial fermentation. The down-
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stream processing technologies for the separation and recovery of amino acids
are very complicated. In the last decades there has been a continous interest in
developing processes that will improve the selectivity and yield of down-
stream processing steps for the separation and recovery of amino acids (1–9).
Since the 1980s the application of di(2-ethylhexyl) phosphoric acid
(D2EHPA) in an emulsion liquid membrane (ELM) as a carrier has attracted
much attention from researchers and engineers. It has been reported that such
amino acids as lysine (10), tryptophan (15), and phenylalanine (9, 15) can be
separated and concentrated by ELM containing D2EHPA as a carrier.
D2EHPA can also separate amino acids as extractant dissolved in different
diluents. Liao et al. (11) studied the extraction mechanism of isolesine with
D2EHPA as the extractant and proposed an extraction equilibrium constant.
Teramoto et al. (12) studied the extraction of several amino acids and their re-
lated compounds with D2EHPA dissolved in benzene. The exponent m in the
relation D ~ [(D2EHPA)2]m was in the 1.7 to 2.0 range for alanine, valine,
leucine, isoleucine, phenylalanine, and tryptophan. They suggested that one
amino acid molecule coordinates to 1.7 to 2.0 dimeric D2EHPA. Q.-H. Shi et
al. (13) studied the distribution equilibrium of L-tryptophan by extraction with
D2EHPA dissolved in n-hexane. A general extraction formula and supposed
structure of L-Trp-D2EHPA were proposed. However, the extraction mecha-
nism of amino acids by D2EHPA was limited to a cation-exchange reaction in
all of the above works; the extraction equilibria were in the pH , 3 range. To
date, there is no published report on the extraction of amino acids in the mid-
dle pH range. Because amino acids change their charged state depending on
the pH, the extraction equilibrium mechanism for different species of amino
acids may be different from each other, and the structures of amino
acid–D2EHPA complexes may differ too. Therefore, it is very important to
determine the extraction equilibrium at various pH conditions.

In this work, using L-phenylalanine (L-phe) as a model amino acid, the ex-
traction mechanism at various pH conditions was studied. The relation be-
tween pH and the structure of the L-phe–D2EHPA complex was determined.
The effects of amino acid and extractant concentrations on equilibrium are
discussed.

MATERIALS AND METHODS

Materials

D2EHPA is a product of Chemical Reagent Factory of Beijing, People’s Re-
public of China. It is further purified by recrystallization with copper hydrox-
ide, as described by Patridge and Jensen (14). L-Phe is of chromatographic
grade. Other reagents, such as n-octane, sulfuric acid (H2SO4), sodium sulfate
(Na2SO4), and sodium hydroxide (NaOH), are all of analytical grade.
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Extraction Experiments

All of the extraction experiments were carried out in a bath shaker at 298 6
0.5 K, 200 6 2 rpm. Organic solutions, prepared by dissolving D2EHPA in n-
octane, contained 0.745–1.787 mol?L21 D2EHPA. Aqueous solutions con-
tained 0.00606–0.02276 mmol?L21 L-phe; the ionic strength was fixed at 0.2
mol?L21. The organic phase (10 mL) and the aqueous phase (10 mol?L21. The
organic phase (10 mL) and the aqueous phase (10 mL) were stirred in the bath
shaker for 1 hour. After equilibration, the phases were separated by centrifu-
gation.

Analysis

The pH of the aqueous phase was measured with a digital pH meter (model
SA 520, USA). The concentration of L-phe was determined using an UV spec-
trophotometer (model Hp8452, USA) at a wavelength of 258 nm. According
to Beer’s law, the molar absorption coefficient, j is

j 5 A /LC (1)

where A is the absorbance, L is the width of the cell (equal to 1 cm), and C is
the concentration of the sample. From the calibration curve of A vs C (Fig. 1),
the slope (jL)21 is found to be 880.25 ppm. The wavelength of peak and the
molar absorption coefficient do not vary with the pH. The concentration of L-
phe in the organic phase was calculated according to the mass balance of L-
phe. Experiments proved that the error is less than 3%. To examine the effect

DISTRIBUTION BEHAVIOR OF L-PHENYLALANINE 2167

FIG. 1 The calibration curve of absorbance vs concentration of L-phe aqueous solution.
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of pH on the structure of the complex in the organic phase, infrared spectra
(model FIR8200, Japan) of the organic-samples-loaded solute at different
equilibrium pH values of the aqueous phase were analyzed.

RESULTS AND DISCUSSION

Behavior of Aqueous Solution of L-Phe

L-Phe has one carboxylic group, one amino group, and a side chain. Two
dissociation equilibria exit in aqueous solutions:

PhCH2(NH3
1)CHCOOH

Ka1

D PhCH2(NH3
1)CHCOO2 1 H1 (2)

PhCH2(NH3
1)CHCOO2

Ka2

D PhCH2(NH2)CHCOO2 1 H1 (3)

The two dissociation constants for Eqs. (2) and (3) can be described as:

Ka1 5 }
[A

[

6

A

][
1

H

]

1]
} (4)

Ka2 5 }
[A

[

2

A

][
6

H

]

1]
} (5)

where A1, A6, A2 are the cation, zwitterion, and anion of L-phe, respectively.
In aqueous solutions, pKa1 and pKa2 of L-phe are 1.83 and 9.13, respectively.

Effects of Extractant Concentration and Equilibrium pH
on Distribution Ratio

If the extraction of L-phe with n-octane is negligible, the distribution ratio
of L-phe between the organic and the aqueous is defined as

D 5 [A](o)/[A](w) (6)

where [A](o) is the concentration of L-phe in the organic phase, and [A](w) is the
concentration of L-phe in the aqueous phase. As shown Fig. 2, at a constant ex-
tractant concentration (B0) the distribution ratio increases with an increase of
pH in the range 1 , pH , 3. However, the effect of pH on the distribution ra-
tio is not as obvious in the range 3 , pH , 5. An increase of the initial ex-
tractant concentration increases the distribution ratio; this is ascribed to en-
hancement of the extraction capacity of the organic phase.

At the same equilibrium pH of the aqueous phase, the difference in the to-
tal concentration of L-phe (C0) has little effect on the distribution ratio, as can
be seen in Fig. 3. Because different C0 values result in different equilibrium
concentrations in the aqueous phase, the distribution ratio is obtained differ-
ently.
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(a)

(b)

FIG. 2 Effect of concentrations of D2EHPA on D. C0 (mmol?L21): (a) 6.06; (b) 8.10; (c) 17.76;
(d) 22.76.

(continued)

Determination of the Complex Structure

Many workers (13, 15) considered that the mechanism of the extraction of
amino acid with D2EHPA was a cation-exchange reaction in the low pH
range. Their investigations focused on the cation-exchange reaction in the pH
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(c)

(d)

FIG. 2 Continued

, 3.0 range. In the pH , 5.0 region the predominant species are A1 and A6.
The presence of A2 can be ignored. In the 3.0 , pH , 5.0 range the molar
fraction of A6 is over 94%, but that of A1 is less than 6%. It can be concluded
from Fig. 2 that the distribution ratio for the extraction of A6 is higher. The
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extraction of A6 should attract more attention. The mechanism of the extrac-
tion of A6 by D2EHPA should be different from that of A1. It is evident that
the zwitterionic molecule (A6) results from proton transfer from MCOOH to
MNH2 in the amino acid molecule. Lewis acid–D2EHPA in the organic phase
is likely to transfer its proton to A6 to form an ion-pair complex. This is
demonstrated in the infrared spectrogram of an organic-phase-loaded solute
(ISOPLS) (Fig. 4).

The results show that pH has little effect on the structure of the complex
(shown in Fig. 4). As illustrated in Fig. 5, in ISOPLS the stretching peaks of
MCOO2 at 1560.3 and 1409.9 cm21 are not present, but the absorption peak
of MCOOH appears at wavenumber 1735.8 cm21. The characteristic peak of
MNH3

1 at 1494.7 cm21 moved to a higher wavenumber, 1498.6 cm21. When
MNH 3

1 combines with M(C3H17O)2P(O)O2, its stretching is affected by
M(C3H17O)2P(O)O2, and the absorption peak of the group shifts to the higher
wavenumber.

According to the above analysis, there are two extraction equilibria:

DISTRIBUTION BEHAVIOR OF L-PHENYLALANINE 2171

FIG. 3 Effect of C0 on D at the same aqueous pH. 1: pH 3.80; 2: pH 3.01; 3: pH 2.15. Solid
lines: model fit.
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(7)

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

2172 LIU, DAI, AND WANG

FIG. 4 Infrared spectrograms of loaded organic phase. The equilibrium pHs of the aqueous
phase are (1) 1.39; (2) 2.25; (3) 3.39; (4) 3.85.

FIG. 5 Infrared spectrograms of L-phenylalanine, blank organic phase, and organic phase
loaded with solute. The equilibrium pH of the aqueous phases is 3.85. (1) L-phenylalanine; (2)

blank organic phase; (3) loaded organic phase.
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There are two reactive mechanisms in the extraction—cation-exchange reac-
tion and a proton-transfer reaction. In the proton-transfer reaction, D2EHPA
reacts with A6: One H1 of D2EHPA transfers to -COO2 of A6.

The extraction equilibrium constants (K1, K2) can be expressed as

K1 5 }
[A6]

[

[

Pw
–
Aw]

–
(HP)2]n} (9)

K2 5 }
[A

[
1

Pw
]

Aw
[
–
][H1

–
(HP)2

]

]n} 5 K1Ka1 (10)

where the organic-phase species are marked with an overbar. PwAw is the com-
plex. 

––
(HP)2 is dimeric D2EHPA. Equation (6) can be rewritten as

D 5 }
[A1

[
]
Pw
1

Aw
[
]
A6]

} (11)

By rewriting Eq. (11) and taking the logarithm of both sides, the following
equation is obtained:

log D 5 log K1 1 n log[
––
(HP)2] 2 log(1 1 10pKa12pH)

5 log K1 1 n log[(
––
(HP)2] 2 log(Ka1 1 [H1)] 1 logKa1

(12)

Plots of log D vs log[
––
(HP)2] are shown in Fig. 6. Linearly least-square fit-

tings give the slopes at different pH condition, i.e., the values of n in Eq. (12).
They are nearly equal to 2.0. The relationship of log[D(1 1 10pKa12pH)] and
log[
––
(HP)2] is shown in Fig. 7. Linearly least-square fitting gives the slope and

intercept, i.e., the values of n and K1 in Eq. (12). They are 2.02 and
12.77L2?mol22, respectively. The value of n is nearly equal to 2.0, which sug-
gests the stoichiometry of the extraction can be expressed as:

CH C

O

OH

1 n(HP)2

K2

HP?P
–
?NH

+
3

?(n 2 1)(HP)2 1 H
+

PhCH2

NH
+
3

CH C

O

OH

PhCH2

(8)

CH C

O

O
–

1 2(HP)2

K1

HP?P
–
?NH

+
3

?(HP)2

PhCH2

NH
+
3

CH C

O

OH

PhCH2

(13)

CH C

O

OH

1 2(HP)2

K2

HP?P
–
?NH

+
3

?(HP)2 + H
+ 

PhCH2

NH
+
3

CH C

O

OH

PhCH2

(14)
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According to Eq. (12), the slope of the plot of log D vs log(K1 1 [H1]) is
negative unity. The straight line in Fig. 8 is the expression of Eq. (12). Its slope
is 21.05, nearly equal to 21.

Expression of Distribution Ratio

When the ratio of the volume of organic phase to the volume of aqueous
phase is unity, the distribution ratio of L-phe between the organic and the aque-
ous phases (D) can be calculated by using the following equations:

C0 5 (1 1 D)[A6](1 1 10pKa12pH) (15)

2174 LIU, DAI, AND WANG

FIG. 6 Plots of log D vs log[
––
(HP)2]. C0(mmol?L21): (n) 6.06; (s) 8.10; (h) 9.10.

FIG. 7 Plots of log[D(1 1 10pKa12pH)] vs log[
––
(HP)2]. h: Experimental data.
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[
––
(HP)2] 5 B0 2 2D[A6](1 1 10pKa12pH) (16)

D 5}
1

K

1

1[

1

–

0pKa

–
(HP)2

12

]2

pH} (17)

where C0 is the initial aqueous concentration of L-phe, and B0 is the original
concentration of D2EHPA in the organic phase. The solid lines in Fig. 2 are
as predicted by the model.

CONCLUSIONS

In this paper the extraction equilibrium of L-phelylalanine with D2EHPA
dissolved in n-octane was studied in detail. In the 1.0 , pH , 3.0 range, of D
is very low because of Le Chatelier’s effect and increases with an increase of
pH, but it changes little in the 3 , pH , 5 range. An increase of the extrac-
tant concentration increases D; the initial aqueous concentration of L-phe has
a slight effect on D.

A proton transfer reaction was first proposed in the extraction of L-phe with
D2EHPA. The pH condition has little effect on the structure of the complex.
In the 1 , pH , 3 range, the cation-exchange reaction and the proton-trans-
fer reaction coexist. In the 3 , pH , 5 range, the extraction reaction is mainly
in the form of the proton transfer reaction; D is higher and slightly affected by
pH. One L-phe is extracted by forming a complex with four monomeric
D2EHPAs; the pH condition has little effect on the structure of the complex.
An expression for the equilibrium distribution is proposed. The experimental
data present good agreement to Eq. (12).

DISTRIBUTION BEHAVIOR OF L-PHENYLALANINE 2175

FIG. 8 Effects of pH on D.
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NOMENCLATURE

A1 L-phenylalanine cation
A2 L-phenylalanine anion
A6 L-phenylalanine zwitterion
[A](o) concentration of L-phe in organic phase (L?mol21)
[A](w) concentration of L-phe in aqueous phase (L?mol21)
C0 initial aqueous concentration of L-phe (mol?L21)
D distribution ratio (dimensionless)
K1 equilibrium constant of proton transfer reaction (L2?mol22)
K2 equilibrium constant of cation exchange reaction (L?mol21)
Ka1, Ka2 dissociation constant of L-phe (L?mol21)
(HP)2 dimeric of D2EHPA
PA complex of L-phenylalanine combined with D2EHPA
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