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The effect of the addition of diethanolamine (DEA) on the extraction of water and bovine serum albumin
(BSA) with the reverse micellar system, sodium bis(2-ethylhexyl)sulfosuccinate (AQT), was investigated
using the two phase partition method. The addition of DEA in the aqueous phase affected the extraction of
water in the organic reverse micellar phase which increased significantly with a decrease in pH reaching a
constant value at pH values lower than 8. This behavior is in good agreement with the extraction behavior
of DEA into the organic phase under changing pH. Furthermore, the increase in the water extracted in the
organic phase was proportional to the DEA concentration extracted in the organic phase. The increase in
water extraction with DEA can be explained by the pH change extraction model taking into consideration
DEA dissociation equilibria and the extraction of DEA plus water by the formation of an ion-pair between
the DEA ammonium ion and the anionic AOT molecule. The extraction of BSA is enhanced by the addition
of DEA at low concentration. With an increase in the quantity of added DEA, the pH range for BSA
extraction is extended to a higher pH range. BSA extraction increased with an increase in the DEA
conecentration over a low concentration range, but decreased with concentration over the high concentration
range. The back-extraction of BSA was achieved at approximately 90% by the addition of a high
concentration of DEA. The extraction and back-extraction of BSA can be controlled by the concentration of
DEA.

1. Introduction

Reverse micelles are self-aggregates of surfactant molecules in apolar organic solvents containing
micre droplets of water of nano meter size surrounded by the hydrophilic head group of a surfactant [1].
These micro water droplets can dissolve proteins and enzymes without denaturation and deactivation.
Hence, reverse micellar solutions have been extensively investigated as media for the extraction of proteins
and enzymes from aqueous solution [2-15]. The extracfion of proteins is controlled by the interaction
between reverse micelles and proteins, such as electrostatic interaction between the ionic surfactant and the
charged surface of the protein, hydrophobic interaction between the interface of the reverse micelles and
the hydrophobic part of the proteins, and the steric exclusion effect from the micelles [16,17]. Most
previous studies were carried out in a system using sodiuvm bis (2-ethylhexyl) sulfosuccinate {AOT) as the
anionic surfactant. Extraction of proteins into AOT reverse micelles is mainly controlled by the pH and salt
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concentration in the aqueous phase to control the interactions. Among these interactions, electrostatic
interaction can be most effective for protein extraction. However, at the same time, the electrostatic
interaction often causes a structural change and inactivation of the proteins [10].

Some studies have been reported on control of the formation of reverse micelles by pH [17-24],
pressure [25] and temperature [26] and photo frradiation [27, 28] for the purpose of developing novel and
effective extraction processes for proteins. Long chain alkylamines, which are hydrophobic and have low
solubility in water, are used to control the formation of the reverse micelles by pH adjustment due to the
dissociation of the head group-of the amine which forms a cationic ammonium group which interacts with
the anionic AOT head group [20-23].

In this study, the effect of water-soluble amines, especially diethanolamine, which is added to the
aqueous phase and extracted into the reverse micelles, on the extraction of water and bovine serum albumin
(BSA) as a model protein into the AOT reverse micellar phase has been investigated. The percolation
phenomena of the AOT reverse micellar solution, which give information about the interface and
interaction of the reverse micelles [17], was also examined to determine the effect of the addition of
diethanolamine.

2. Experimental

2.1 Reagents

The surfactant used in constructing the reverse micelles was sodium bis(2-ethylhexyl) sulfosuccinate
(AOT) from Nacalai Tesque Co. Diethanolamine (DEA), tris(hydroxymethyl)aminomethane (Tris),
2-amino-2-ethyl-1,3-propanedicl (AEPDQ), and tris(2-aminoethyl)amine (TAEA), which were used as
additives for modification of the reverse micellar system, were obtained from Tokyo Kasei Industry. Bovine
serum albumin (BSA, M.W. = 66 kDa, pI = 4.9), which was used as the model protein for the reverse
micellar protein extraction, was purchased from Sigma. Other chemicals were obtained from Wako Pure
Chemicals. '
2.2 Extraction of water, diethanolamine and protein

AOT was dissolved in isooctane and the solution was used as the organic phase. A buifer solution
containing the water-soluble amines and NaCl was used as the aqueous phase. Acetic acid-sodium acetate
(pH 3-6), 3,3-dimethylglutaric acid (DMG)-NaOH (pH 5-8), glycine-NaOH (pH 9-11) and
Na;HPO4-NaOH (pH 11-12} were used as buffers at 50 mM concentration in all experiments. BSA and the
water-soluble amines were dissolved in the aqueous phase. Extraction of water and BSA were carried out
by the following method. Identical volumes (15 ¢m®) of the organic and aqueous solutions were placed in a
screw capped sample tube. The two phases were dispersed completely by a magnetic stirrer for 30 min. at

298 K. After mixing, the phases were separated by centrifugation at 3,500 rpm for 20 min. Back-extraction

" of BSA from the micellar phase was carried out by contacting the organic phase containing the protein with -
a new aqueous phase in the same manner as for the forward extraction.
2.3 Measurements

The water concentration in the micellar organic phase was determined by Karl-Fisher titration using
a Kyoto Electronics MKS-1s, The concentrations of the protein in the aqueous and organic phases were
measured by adsorption at 280 nm with a Hitachi UV 3200.
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The concentration of DEA in the aqueous phase was measured using an ion chromatography
(HIC-6A system, Shimadzu Co.) with a conductivity detector (CDD-6A, Shimadzu Co.) and a cation ion
exchanging column (Shim-pack IC-C3, Shimadzu Co.). The mobile phase of the ion chromatography
column consisted of an aqueous solution of 1 mM oxalic acid and 1 mM 2,6-pyridinedicarboxylic acid
and flowed at 1.20 ml/min. The column and the detector cell were maintained at 313 K. The detector
was operated under the following conditions; Response: slow; Gain; 10 uS/cm; Range: 512.

The conductivity of the reverse micellar solution was measured as a function of the water content
with a TOA Electronics Lid. conductivity meter CM-308 and a platinum electrode in the same manner as
previously described [17]. Electrical conductivity measurements were performed by dropwise addition of
distilled water to 200 mM AOT/isooctane solution containing DEA at various concentrations at 298 K until
the percolation phenomenon occwrred. The percolation threshold, i. e. the starting point of the sharp
increase in conductivity is measured as gp.

The diameter of the reverse micelles was measured using dynamic light scattering method
(FPAR-1000, Otsuka Electronics Co.). The reverse micellar solution for the measurement was prepared by
dissolving a small amount of distilled water in the 50 mM AOT solution containing DEA at the desired

concentration.

3. Results and Discussion

3.1 Effect of water-soluble amines on the water extraction by AOT reverse micelles

The extraction properties of water in the organic phase of the AOT reverse micellar extraction
system were investigated in the presence of various amines in the aqueous phase as shown in Figure
1. When no water-soluble amine was added, the extraction of the water into the AOT reversed micelle is
not influenced by the pH value. When DEA or Tris was added to the aqueous phase, the amounts of water
extracted into the organic phase increased with a decrease in the pH value, and reached constant values.
With a decrease in the pH value, DEA and Tris

. f . . . f 6.0 T T T T LI T HOGH GHax,
change into their cationic ammonium ion ARG [AOT S0l oo
. . . @ DEA :
forms. It is considered that AOT with an O Tis :::gf'f:;:l] . DEA
N ay o E LS
anionic head group will interact with its & ReE0 m GHaoH,
B O TAEA HOGHe -G 1,
cationic ammonium ion by electrostatic = 4.0 | B Noadditve . o
Tris
attraction and the extraction of water by AOT Z
i H,
reverse micelles increased. This difference in 5? mcu,él'im
the pH effect on water extraction by the z ap L 7V | ﬁ;ﬁo
addition of DEA and Tris will be caused by the —l-.-r.J——.é—— st
n HNCHEHTN vy,
difference in their pK, values (pX, = 8.90 for )/ TAEA
DEA and 8.30 for Tris). On the other hand,
0.0 t £ 1 i L ]
when TAEA was added, the amounts of 2 4 & 8 10 12 14
water extracted into the organic phase I;‘H H

decreased sharply with decreasing pH value, Figure 1. Effect of pH on water extraction by the

and a very low water content resulted. This  AOT reverse micellar system with and without the
dependency of TAEA is quite similar to the addition of various water-soluble amines.
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addition of long chain alkyl amines to the AOT reverse micellar system [22]. The complex between
AQOT and TAEA formed by electrostatic interaction is hydrophobic because TAEA has no hydroxide
group in the molecule and is relatively hydrophobic compared with those of DEA and Tris. AEPDO
slightly affected water extraction. The difference in molecular structure between AEPD and Tris is the
substitution of one OH group of Tris by a methyl group. It is clear that small differences in the
hydrophilic and hydrophobic balances of the water-soluble amines, which act as AOT counter ions,
affect the formation and properties of the reverse micelles.

The addition of water-scluble amines in the aqueous phase is expected to control extraction and
the physicochemical properties of AOT reverse micelles by electrostatic interaction depending on the
hydrophobic-hydrophilic properties and the pX, values of the additives. In particular DEA shows a
significant increase in water extraction at around neutral pH. Hence DEA is considered to be an effective
additive for protein extraction. Therefore the effect of DEA on the AOT reverse micellar extraction system
was investigated in detail.

3.2 Effect of DEA on the extraction of water

Diethanolamine increased water extraction significantly with decreasing pH value. The effect of pH
on the extraction of water and DEA carried out at various initial DEA and AOT concentrations is shown in
Figures 2 and 3, respectively. The concentrations of water, [HyOJop, and DEA, [DEA]e:, extracted into the

organic phase and also the values of o (=[HyOlo/[AOT]ag0) increased with a decrease in the pH value,

305~
= 26F
S 20f
15
= 10f
2 s
c:
100
8of
o 60
2 402-
WL ]
0 1 1 L P SRR RS ErE BT C 1 P PR PR BTG S B S B Y
6 T T T l"‘i"i"'] 18—"'I"'I"'I"'i"'llllll"
LT [ — o 0on o
gl Yey DAOTY, . [
C o 50
1 A 100
= [ o 200
= 6 ¥ = .
e . ]
= | ]
= 4T )
-~-1A0T System L ]
1k —iCalc. line ] 2+ E;A:]Ga]c.s:,:!:e 4
[AOT],, ,=S0nM o
ENaG1 . y=100uM [ Nec1], ;=100nM :
PEN ECECEPIN PRI B SR B A SR ST 0 1 ] 1 1 ] ]
L T S S S TR TR 0 2 4 6 8 10 12 14
pH [-] pH [-]
Figure 2. Effect of pH on the extraction of Figure 3. Effect of pH on the extraction of
water and DEA in the organic p}lase and water and DEA in the organic phase and
the Wo value at various initial DEA the Wo value at various AOT
concentrations. concentrations.
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and reached constant values that increased with an increase in the initial DEA concentration in the aqueous
phase. These results correspondent well with the formation of the ammonium ion of DEA with changing
pH. The cationic ammonium ion of DEA is extracted into the reverse micelles by electrostatic interaction
with the anionic sulfonic group of AOT. At high pH where no dissociation of DEA occurred, the Ho values
are independent of the AOT concentration as shown in Figure 3. This phenomenon is the same as that
reported for AOT reversed micelles [16].

The swelling of the reverse micelles and an increasing in water extraction are induced as a result of
the extraction of DEA into the reverse micelles. The water increment in the organic phase by the addition of
DEA, 4[H;0}.,, was obtained from the difference of the water concentration between the extraction
system with and without DEA and plotted against the concentration of DEA extracted in the organic phase
as shown in Figure 4. A[H,0]., showed a straight line dependency on the AOT concentration. The
extraction of DEA causes a linear increase in the amount of water in the reverse micelles. This suggests that
DEA induces a structural change in the reverse micelles. The water concentration in the organic phase can
be calculated from the concentration of DEA in the organic phase using this relationship.

Based on the above considerations, the model for the extraction of DEA into the reverse micelles is
proposed as shown in Figure 5. A further relation is obtained from the dissociation equilibria and the
extraction of DEA and the mass balances of DEA and AOT.

The DEA reacts with protons as shown in the following equilibrium reaction.

DEA + H' 2 DEA'H VUK, (0

1/K, = [DEA*H)/([DEA][ H']) 2)
AOT will dissociate completely into its ion form at the interface.

AOT — Na*+0T~ (3)

Here, the concentration of OT  is equal to that of AQT, [OT ~ ] = [AOT].
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Figure 4. Relationship between the increased  Figure 5. Reaction and extraction model of
concentration of water in the organic phase DEA with AOT.

by DEA addition and the DEA concentration
in the organic phase at various AOT
concentrations.
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The ammonium ion of DEA so formed will react with OT ~ as follows;

OT +DEA™H 2 (OT )-DEA'H K 4
K=[(OT ") - DEA'H)/([AOT][DEA'H]) (5)
Here, the concentration of (OT ~ ) - DEA'H is equal to that of DEA extracted in the organic phase;
[(OT ") - DEA'H] = [DEA]y, (6).
Mass balances of AOT and DEA are represented by the following equations, respectively.

[AOT]o=[OT ]+[(OT )-DEA'H]=[OT ]+ [DEAlw, Q)
[DEAJ, = [DEA] + [DEA'H] + [(OT ~) - DEA'H]

= [DEA] + [DEA'H] + [DEAley . ®)

The distribution ratio of DEA between the organic and aqueous phases is expressed as the following
equation from Eqs, (2) and (5).
_[DEA),, _ KIOT")[DEA*H] _KIOT"] )

~ [DEA], prf1e Ko | 14 Ke
[DEA H](1+[H+]) T

The following equation is obtained from the rearrangement of Eq. (9).
K, O K[oT7] (10)
[F*]O
The concentration of OT ~ can obtain from the mass balance of AOT from Eq. (7) as follows.
[OT ]1=[AOT]o— [DEA]u 1y
All experimental results were plotted based on Eq. (10} as shown in Figure 6. All experimental data
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phase were also calculated by the proportional relation with ' . &ﬁf

the concentrations of DEA exiracted in the organic phase in ¢ 0.0 ofl;T'] ot';]5 0.2 0.25

Figure 4, and then the Wo values were calculated as shown ) , .
e ) Figure 6.  Relationship  between
in Figures 2 and 3. The calculated results closely agree with D-(1+(Ka/[H']) and [OT].
the experimental results.
3.3 Physicochemical properties of the AOT reverse micelles containing DEA
3. 3. 1 Percolation behavior of the AOT reverse micelles containing DEA

In order to clarify the micellar-micellar interaction of the AOT reversed micelles containing DEA,
the percolation behavior of the micellar solution was measured by the electrical conductivity of the solution
as a function of water content. The electrical conductivity of the reverse micellar solution at various DEA
" concentrations plotted against the volume fraction of water i the organic phase, Pags is shown in Figure 7a).

At Tow g, values, the conductivities were insensitive to the value of @, However, the conductivities
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Figure 7. Percolation behavior of the AOT Figure 8, Effect of DEA concentration on the
reverse micellar solution containing DEA: a) diameter of the AOT reverse micelles.
Variation of the conductivity as a function of '

the water content, b) Effect of the DEA

concentration on the percolation threshold.

increased sharply when the ¢y, value exceed respective threshold values, ¢p, indicating percolation
phenomena. An increase in DEA caused an increase in the percolation threshold as shown in Figure 7b) and
the maximum conductivity as shown in Figure 7a). This result indicates the stabilization of the reverse
micelles by the addition of DEA. It is considered that the interaction of the anionic sulfonie group of AOT
with cationic DEA'H will enhance the surface activity of AOT at the interface, thus causing stabilization of
the interface and inhibition of the micellar-micellar interaction.
3. 3.2 Effect of DEA on the diameter of the AOT reverse micelles containing DEA

The diameter of the AOT reverse micelles, dy,, with and without DEA was measured by the
dynamic light scattering method. The effect of DEA concentration in the organic phase on the diameter of
reverse micelles is shown in Figure 8. The diameter increased only slightly with an increase in the DEA
concentration in this concentration range. The effect of DEA on the size of the AOT reverse micelles was
not so large compared to that on the percolation phenomena. Though the extraction of water increased on
the addition of DEA, the diameter of the reverse micelles containing DEA was constant. This means that
the number of the reverse micelles was increased by the addition of DEA. Because the AOT concentration
is constant, the AOT existing at,the interface will decrease which would cause an increase in
micellar-micellar interaction and the acceleration of percolation phenomena with a decrease in percolation
threshold, ¢p. The ¢p value, however, increased with the DEA concentration and the addition of DEA
suppressed the percolation. Hence, it is suggested that AOT interaction with DEA, which will act as an
~ AOT counter ion, strongly stabilizes the interface of the reverse micelles,
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3. 4 Extraction of BSA _
3. 4. 1 Effect of pH on the extraction of BSA
The effect of pH on the extraction of BSA, water and DEA carried out at various initial DEA
concentrations is shown in Figure 9. In the absence of DEA, maximum BSA extraction is obtained at
around pH 6 and the extraction decreases sharply with any further increase in the pH value. In the presence
of DEA, the extraction of BSA increases with the concentration of added DEA and the pH range for BSA
extraction is extended to higher pH values. The electrostatic repulsion between the reverse micelles and
BSA (pl = 4.9), which induces a decrease in the exiraction of BSA, would be reduced by the presencr-: of
cationic DEA-ammonium ions at the interface and in the water pool of the reverse micelles. The extraction
of DEA was not affected by the extraction of BSA and the #o value was almost constant while the BSA
concentration was significantly changed by changing the pH value. These extraction behaviors are
considered as follows; there is significantly more DEA and AOT than BSA, and DEA would interact
strongly with the anionic AOT head group. Hence, the extraction of BSA did not affect the DEA extraction
or the Wo value.
3. 4. 2 Effect of the initial BSA concentration on BSA extraction
BSA extraction was carried out at various initial BSA concentrations and a fixed AOT concentration.
The BSA concentration extracted in the organic phase and the #o values are plotted against the initial BSA
. concentration in Figure 10. The BSA concentration extracted in the organic phase increased with the initial
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Figure 9. Effect of pH on the extraction of ' Figure 10. Effect of initial BSA concentration
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initial DEA concentrations. out without and with DEA.
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BSA concentration, reached a maximum value and then decreased. The maximum concentration of BSA in
the presence of DEA was about 6 times higher than that in the absence of DEA. The extraction capacity for
BSA in the AOT reverse micelles was significantly enhanced by the addition of DEA. This high extraction
capacity of BSA is quite similar to the effect of CaCl; on BSA extraction as previous reported [8]. It has
been considered that the Ca®* ion provides a bridging effect mediated by Ca™ between the négatively
charged protein surface and the anionic head group of AOT to enhance the BSA extraction. In the case of
DEA, DEA would reduce only the repulsion between the negatively charged protein surface and the anionic
head group of AOT and enhance the stability of the reverse micelles through electrostatic interaction with
the anionic head group of AQOT.
3. 4. 3. Back-extraction of BSA from the reverse micelles by changing the DEA concentration

BSA extracted in the AOT reverse micelles with DEA could be back-extracted by contact with a new
aqueous phase containing 0.5-1.5 M NaCl (data not shown), which is a conventional back-extraction
method in the AQT reverse micellar extraction of proteins, The back-extraction of BSA was also possible
by contact with a new aqueous phase containing DEA with a concentration higher than 1M. The effect of
the DEA. concentration on the back-extraction is shown in
Figure 11, together with the effect of DEA on the
extraction step. In the extraction step, the extraction of

BSA increased with the initial concentration of DEA in

the aqueous phase, and reached a maximum and then
decreased at higher DEA concentrations. The
back-extraction of BSA increased with DEA
concentrations higher than 1M. The DEA concentration

in the organic phase increased linearly with the DEA 0 . . . .
concentration in the aqueous phase. The Wo value 100r ! ' ' '
increased at the quite low DEA concenfrations in the 8ol ]
exfraction step, and decreased gradually with the g

. . . . §0 i
concentration at high values range in both the extraction E" s
and the back-extraction steps. At high concentration g 4o o Back oxr.
values of DEA, the salting out effect would act on the wi” (a1l ,=200m

: : L . . 205 (Hao1] , =t00nM
reverse micelles causing a reduction in the micelle size (BSAT , =1, Omg/m]

. pH=1.6

and thus squeezing out the BSA from the water pool of e T Y
the reverse micelles [8,16]. The extraction and [DEA,, JCTW]

back-extraction of BSA using the AOT reverse micelles Figure 11. Effect of DEA concentration on

can be achieved by changing the concentration of DEA  the extraction and back-extraction of BSA
added in the aqueous phase. and water content in the organic phase.

4. Conclusion
Water-soluble amines were added to the aqueous phase of the AQOT reverse micellar extraction
system, DEA and Tris enhanced water extraction at pH values lower than their pKa value. The extraction of
DEA and water was affected by pH and increased with the initial DEA concentration in the aqueous phase
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and the AOT concentration in the organic phase. The extraction of DEA and water into the reverse micelles
was explained by the reaction model based on both the formation equilibriuin and the extraction of the
DEA ammonium ion. The. extraction of BSA is enhanced by the addition of DEA at low concentrations.
The extraction of BSA increases with the concentration of added DEA and the pH range for the extraction
is extended to higher pH values. The extraction capacity of BSA was significantly enhanced by the DEA
addition. BSA extracted into the reverse micelles can be back-extracted at high DEA concentration. DEA is
concluded to be an effective additive in the aqueous phase to control both the extraction and
back-extraction of proteins.

References \

1} M. P Pileni (ed.), Structure and Reactivity in Reverse Micelles, Elsevier Co., Amsterdam (1989).

2) K.E. Goklen, T. A. Hatton, Sep. Sci. Technol., 22, 831-841 (1987).

3) E. B. Leodidis, T. A. Hatton, Structure and Reactivity in Reverse Micelles, Elsevier Co., 270-302
(1989). :

4) M. E. Leser, P. L. Luisi, Chimia, 44, 270-282 (1990).

5) M. J. Pires, J. M. 8. Cabral, Biotechnol. Prog., 9, 647-650 (1993).

6) K. Shiomori, Y. Kawano, R. Kuboi, I. Komasawa, J. Chem. Eng. Jpn., 28, 803-809 (1995).

7) 8. Ichikawa, S. Furusaki, Trans. IChemE., Part C, 73, 33-39 (1995).

8) K. Shiomori, N. Ebuchi, Y. Kawano, R. Kuboi, I. Komasawa, J. Ferment. Bioeng., 86, 581-587
(1998).

9) K. Nace, M. Nishino, T. Ohsa, M. Kawagoe, M. Imai, J. Chem. Technol. Biotechnol., 74, 221-226
(1999).

10) K. Shiomori, Y. Kawano, R. Kuboi, 1. Komasawa, J. Chem. Eng. Jpn., 33, 800-804 (2000).

11) T. Kinugasa, Y. Miyauchi, C. Nakano, K. Itoh, Y. Nishii, Solvent Extr. Res. Dev.,, Jpn., 12, 159-167
(2005).

12) K. Tonova, Z. Lazarova, Biotech. Adv.,26, 516-532 (2008).

13) Y. Toyokawa, S. Tsukahara, T. Fujiwara, Solvent Extr. Res. Dev, Jpn., 20, 29-38 (2013). .

14) S. Nishino, A. Kishida, H. Yoshizawa, K, Shiomori, Solvent Extr. Res. Dev, Jon., 21, 47-54 (2014).

15) 8. Storm, D. Aschenbrenner, 1. Smirnova, Sep. Purif. Technol., 123, 23-34 (2014).

16) R.Kuboi, Y. Mori, I. Komasawa, Kagaku Kogaku Ronbunshu, 16, 763-771 (1590).

I7) R.Kuboi, D.-P. Hong, I. Komasawa, K. Shiomori, Y. Kawano, S.-S. Lee, Solvent Extr. Res. Dev. Jpn.,
3,223-230 (1996).

18) M. Goto, T. Ono, F. Nakashio, T. A. Hatton, Biotechnol. Bioeng., 54, 26-32 (1997).

19) T. Kinugasa, A. Hisamatsu, K. Watanabe, T. Takeuchi, J. Chem. Eng. Jon., 27, 557-562 (1994).

20) K. Shiomori, Y. Kawano, R, Kuboi, I. Komasawa, J. Chem. Eng. Jpn., 32, 177-183 (1999).

21) K. Shiomeri, T. Honbu, Y. Kawano, R. Kuboi, 1. Komasawa, Kagaku Kogaku Ronbunshu, 27,
130-133 (2001).

22) K. Shiomori, T. Honbu, Y. Kawano, R. Kuboi, 1. Komasawa, Stud. Surf. Sci. Catal., 132, 141-144
{2001). .

23) K. Shiomori, T. Honbu, T. Sana, Y. Kawano, R. Kuboi, 1. Komasawa, Ars Separatoria Aeta, 1,

-84-



45-54 (2002).

24) V. Patel, B. Bharatiya, D. Ray, V. K. Aswal, P. Bahadur, J. Colloid Interface Sci., 441, 106-112
(2015). '

25) J. B. Philips, H. Nguyen, V. T. John, Biotechnol. Prog., 7, 43-48 (1991).

26) M. Dekker, K. Vant’ Riet, J. J. Van Der Pol, J. W. A. Baltussen, R. Hilhorest, B. H. Bijsterbosh,
Chem. Eng, J, 46, B69-B74 (1991),

27) R. M. Uda, T. Nishikawa, Y. Morita, J. Colloid Interface Sci., 355, 448-452 (2011).

28) R. M. Uda, T. Hirai, T. Koshida, K. Kimura, Colloids Surf A, Physicochem. Eng. Asp., 337, 180-184
(2009}

-85.



