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Biodegradability and environmentally friendly technologies recently came into prominence; this is the reason why we
assayed to develop a new “green” technology for L-lactic-acid (LLA) production. Racemic lactic acid (rfLA) mixture
produced by chemical industry is difficult to handle. The product of esterification with low carbon chain alcohols has
higher volatility than lactic acid (LA) itself, therefore it can be more effectively separated. Our reactions were carried out
with biocatalysts (enzymes) — some of them prefer reactions with L-enantiomer — result in enantioselective esterification.
After LLA ester production the hydrolysis leads to separated LLA, which is the starting material of a biodegradable
plastic.

Our aim was to achieve enantioselectivity in phosphonium-type ionic liquid solvents by the optimization of several
parameters, such as temperature, substrate molar ratio, amount of IL, water content. Reasonable results were achieved
with three types (Candida antarctica, Candida rugosa, AMANO PS-IM) of lipases.

The use of enzymes and ionic liquids can make the technology “greener”, where an ingredient of a biodegradable plastic
can be produced. The toxic heavy metals or hazardous acids can be replaced by biocatalyst (enzymes). These intermediates
are re-usable, and they work at lower temperature, than conventional catalysts, thus the operational costs can be reduced.
Tonic liquids — compared with conventional organic solvents — have insignificant vapour pressure, they are non-flammable
and re-usable after a purification process, furthermore they can be tailor made for a certain application. It is not negligible
that the structure affects the environmental features like biodegradability or toxicity. The high lactic acid dissolving
capacity is the reason why phosphonium-type ionic liquids were used. There are research teams, apply them for lactic

acid extraction from fermentation broth.
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Introduction

According to sustainable development environment
needs to be protected beyond industrial production. This
is the reason why non pollutant, biodegradable materials
spread widely nowadays. Polylactides (PLA) and some
of their derivatives are thermoplastic, biodegradable and
biocompatible polymers with mechanical properties
similar to the plastics which are commonly used, like
polystyrene or polyethylene terephtalate. That is the
reason why they were extensively studied in the last
20 years [1]. Economic studies show that PLA is an
economically feasible material to use as a packaging
polymer [2, 3]. Second generation PLA application could
be seen mainly in the area of fresh products where PLA
is being used as a food packaging polymer for short
shelf life products, such as fruit and vegetables [4].
Currently, PLA is used in compostable yard bags to
encourage recycling and composting efforts. In addition,
new applications such as fibres [5-8], textiles, foamed
articles and paper coatings [4] can be pursued.

Lactic acid (2-hydroxypropionic acid) is the simplest
hydroxyl-carbonyl acid. It has an asymmetric carbon

atom and exists in two optically active configurations;
the L(-) and D(+) isomers. The chemical synthesis route
can be used to produce large scale quantities of rLA [9].
The L(-) and D(+) isomers can be produced in bacterial
systems. Mammalian systems produce only the
L(-) isomer which is easily assimilated. The majority of
lactic acid is made by bacterial fermentation of carbo-
hydrates. The fermentation processes can be classified
according to the type of bacteria used [3].

Poly(L-lactic acid) (PLLA) can be degraded by
natural environments. The crystallinity of PLLA depends
on the optical purity of the L-lactate units in the polymer,
hence the higher the optical purity of the L-lactate units,
the higher is its crystallinity. The production of highly
crystalline PLLA requires the optical purity of L-lactic
acid (LLA). Optical pure LLA can be produced by a
particular microorganism in a selected medium [10].
Lee [11] observed that the biodegradable polymer
produced from LLA does not have proper mechanical
properties; it is hard and breakable. Polymerized DLA
has the same disadvantages. Since there is no industrial
technology for producing DLA, Németh and co-workers
[12] started to develop a fermentation technology.
Lactobacillus coryniformis bacterium was applied for
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the production of DLA. The experiments led to high
yield at low glucose content, but the bacteria are need to
be developed further.

Synthesis of PLLA with a wide range of molecular
weight using toxic inorganic catalysts or inducers has
been reported [13]. The use of enzyme biocatalysts is
advantageous in catalysis because they proceed in mild
reaction conditions without metal or toxic organic
contaminations [14]. Matsumura et al. [15] observed
first the bulk polymerization of LLA with low PLLA
yields using lipase from Burkholderia cepacia. Recently,
some authors have claimed that it is possible to
synthesize PLLA in bulk [16] and in ionic liquids using
the readily available immobilized lipase B from Candida
antarctica (CALB) in its commercial form Novozym 435
[17, 18, 19].

Although, there are some studies about using enzymes
for asymmetric reactions, for example enantioselective
esterification of (£)-menthol [20], hydrolysis of
(D,L)-phenylglycine methyl ester [21], esterification of
racemic ibuprofen [22] and 2-substitued-propanoic acid
[23], Ohara et al. was the only ones who [10,24]
investigated the optical resolution of lactic acid using
enzymes. In the latest report [25] the optical resolution
of butyl L- and D-lactate (BuLLA, BuDLA) using an
immobilized lipase was investigated. BuLLA and BuDLA
mixtures were used in the presence of Novozym 435
lipase. At 80 °C the oligomerization of BuDLA was
induced enantioselectively, whereas BuLLA was not
involved in the reaction.

Ionic liquids, which are liquids at ambient or far
below ambient temperature, have been extensively used
in the past decades as potential green alternatives for
toxic, hazardous, flammable and highly volatile organic
solvents. Indeed, their many attractive physicochemical
properties, including negligible vapour pressure, excellent
chemical and thermal stability and high ionic conductivity
make ILs great candidates for replacing volatile organic
compounds [26]. Biodegradability depends on the ions
of the IL, the ligands and bonds in the cation and the
selected anion [27]. All these interesting combinations
of properties open the road to a wide range of
applications, including organic and inorganic synthesis,
catalysis, separation and enzymatic reactions.

Studies on enzymatic reactions in ILs over the last
10 years have revealed not only that ILs are
environmentally friendly alternatives but that enzymes
in these solvents exhibit excellent substrate, regio- and
enantioselectivity [26].

Compared to polar organic solvents ILs surprisingly
do not inactivate enzymes [28, 29]. This feature extends
enzyme-catalyzed reactions to a solvent polarity range
that was previously inaccessible. The ability to use
solvents with greater polarity increases the solubility of
polar substrates, such as glucose, maltose or ascorbic
acid [28], leading to faster reactions and changes in
selectivity. For example, in the CALB-catalyzed acylation
of ascorbic acid with oleic acid in an ionic liquid the
conversion was higher (83%) than the typical result in
organic solvents (50%) [28]. The yield was higher in the

case of some ionic liquids (80%) than in hexane (14%)
during the esterification of LA with ethanol [30].

There are some reports about using phosphonium-
type ILs. Extraction of LA has been studied by Martak
et al. [31]. The phosphonium IL with the 2,4,4-tri-
methylpentylphosphinic anion (called Cyphos 104) is a
new effective extractant of LA with a considerably
higher value of the distribution coefficient compared to
liquid extractants. Mainly the synergetic effect of the
anion is responsible for the increased distribution
coefficient of LA in Cyphos 104.

Separation of LA is quite difficult due to its low
volatility; hence distillation, liquid extraction, esterification,
salt processes, electrodialysis, thermal methods and ion
exchange can be used for obtain lactic acid from
fermentation broth [32]. Major et al. [30] studied
esterification of LA and used phosphonium-type ionic
liquids for the first time in the process. The two
substrates to produce ethyl-lactate (EL) were lactic acid
and ethanol and the applied biocatalyst was CALB. The
reactions were carried out in a shaking incubator
(150 1/min) at 40 °C for 24 h. The enzymatic EL synthesis
was carried out in two different organic solvents
(hexane and toluene) and in seven ILs. The best yields
were observed in Cyphos 104 and Cyphos 202 without
catalysing the reaction themselves. Five ILs (Cyphos 163,
Cyphos 166, Cyphos 106, Cyphos 102, and Cyphos 110)
showed high catalytic activity without enzyme loading.
The substrates and products were completely miscible
with the applied solvents, except for hexane and Cyphos
110 resulting in the lowest ester yields of 14% and 36%.

Water content has a particular role in ester synthesis
from organic acids and short alkyl alcohols in non-
conventional media. Esterification is an equilibrium
reaction, hence the maximal yield can be influenced
with the initial water content [30] or the control of the
water content during the reaction by using zeolite [33]
or pervaporation [34]. To reach high ester yield either
one of the substrates (usually alcohol) should be used in
excess or the product should be removed. Applying LA
as substrate a new role of water content emerges, since in
lower amount of water, LA undergoes self esterification
producing its open chain dimmer, lactoyllactic acid and
other oligomers [35]. Therefore the commercially available
90% LA solution contains a significant amount of
dimmer LA beside the monomeric form. Furthermore,
dimerization/decomposition of LA has to be considered
as a side reaction in the reaction mixture beside ethyl
lactate synthesis [30].

Since LA is a chiral molecule after esterification two
molecules with the same consistence but different
formation generates from industrial tfLA mixture. The
ratio of the enantiomers strongly depends on the activity
of the applied enzyme. Enantioselectivity of enzymes is
influenced by substrates and reaction conditions (water
activity, temperature, pH, solvent, additives, etc.). In
some experiments additional co-solvent increased
activity, stability and enantioselectivity of the enzyme
[36]. Enantioselectivity is calculated by the following
equation of enantiomeric excess:
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where:
ee - enantiomeric excess
R and S - the ratios or values of the enantiomers

Our aim in this work was to achieve enantioselective
lactic acid esterification in IL as a solvent and to use
biocatalysts to achieve enantioselectivity. With asymmetric
esterification of rLA it can be separated into the two
enantiomers and after a cleaning procedure biodegradable
PLA can be polymerized. Furthermore, the enzyme and
the IL can be recycled. Lactic acid and ethanol are
environmentally friendly materials, as well as enzymes
and ILs. With the application of these materials a novel
green technology can be developed.

Four reasonable parameters (temperature, alcohol
excess, added IL, initial water content) were chosen to
investigate their effects on enantioselectivity and yield.
First the alcohol excess vs. temperature, then alcohol
excess vs. IL, and finally alcohol excess vs. initial water
content were investigated. In each case the two other
parameters were constant.

Materials and methods

Enzymes and chemicals

Enzymes: Immobilized Candida antarctica lipase B
(Novozym 435, triacilglycerol hidrolase, E. C. 3.1.1.3.)
was a gift of Novo Nordisk (Basvaerd, Denmark).
Lipase from Candida rugosa (liophylised, E. C. 3.1.1.3.)
was from Sigma-Aldrich (Buchs, Switzerland) and Amano
lipase PS-IM immobilised on diatomaceous earth from
Sigma-Aldrich (St. Louis, USA).

Solvents: Trihexyl-tetradecyl-phosphonium-bis (2,4,4-
trimethyl-pentyl)-phosphinate (Cyphos 104), Sigma-
Aldrich, (Germany), tributyl-tetradecylphsphonium-
dodecylbenzenesulphonate (Cyphos 201), IoLiTec GmbH,
(Germany).

Reagents: (D,L)-Lactic acid (90%), Reanal (Hungary),
absolute ethanol (>99%), Merck (Germany) were applied.

Reaction and analysis

The reactions were carried out in 10 ml vials with IKA
KS 4000i shaking incubator at 150 min™ in 24 hours.
Every mixture contained rLA, ethanol and IL. After
preparing the mixture the initial water content was
checked and set with Karl-Fischer method. 0.5 pl samples
were analysed by HP 5890 gas chromatograph, FID,
LIPODEX-E column (Cyclodextrin) 30 m x 0.25 mm,
head pressure 90 kPa at 90 °C constant temperature,
injector 150 °C, detector 250 °C. Fiberglass and high
surface adsorbent material were inserted to the injector
inlet to protect the column from contamination by the IL.
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Results and discussion

Selection of the reaction medium

The reaction medium was selected so that it neither
reduces nor enhances catalytic activity of the enzymes.
Therefore catalytic activities of two ILs were investigated.
Previous report [30] shows that Cyphos 104 and Cyphos
202 were suitable solvents for lactic acid esterification
with high ester yield. Cyphos 202 is no more available
from the producer. That is why Cyphos 201 was applied,
which is quite similar to Cyphos 202, but its catalytic
activity had to be determined. Unfortunately, the
catalytic activity of Cyphos 201 was too high and
the conversion was close to 100%. In the case of
Cyphos 104 the conversions without enzyme were low
(<5%). These results were the start points for further
investigations, hence the chosen solvent was Cyphos 104.

Investigation of the enantioselectivity
of enzymes in Cyphos 104 ionic liquid

The aim of the further experiments was to determine the
optimal parameter combination to achieve the highest
enantioselectivity and yield in the presence of enzymes.
Since alcohol:monomer LA molar ratio, initial water
content, temperature and the amount of IL are the main
parameters, which affect the activity of enzyme an
experimental plan was composed with 13 measure points
(Table 1). First alcohol excess and IL amount was
combined to 5 measure points, the other parameters
were constant. Then the alcohol excess and temperature
was combined, and in the end the alcohol excess and
water content. The values of the parameters were:
alcohol : monomer LA molar ratio = 3 :1 (14 mmol),
7 :1 (6 mmol) and 11 : 1 (4 mmol) (calculated for 2 ml /
46 mmol of ethanol); initial water content: 8 w/w%,
12 w/w% and 16 w/w%,; temperature: 30 °C, 50 °C and
70 °C; amount of added IL: 0.5 g,0.75 gand 1 g.

Table 1: Experimental plan

T Alcohol | Initial water | Added IL
Sample| (°C) | molar content (2
excess (wiw%)
1 50 3 8 0.5
2 50 3 8 1
3 50 7 8 0.75
4 50 11 8 0.5
5 50 11 8 1
6 70 3 8 1
7 70 11 8 1
8 30 3 8 1
9 30 11 8 1
10 50 7 8 1
11 50 3 16 1
12 50 11 16 1
13 50 7 12 1
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Using Amano lipase PS-IM as biocatalyst no enantio-
selectivity was observed, therefore the data are not
published. Fig. I and Fig. 2 represent the values of
enantioselectivity in the presence of the two further
enzymes after the first and 24 hours reaction time,
respectively.

< 50 - OCandida rugosa

- B Candida antarctica lipase B

@ 40+

g

> 30+

Q

@ 20

5

= 10+

®©

& 0+

12 3 45 6 7 8 9 10111213

sample

Figure 1: Values of enantioselectivity of the
experimental design in the presence of Candida rugosa
and Candida antarctica lipase B after 1 hour

Higher enantiomeric excess (e.e.) values were observed
after 1 h reaction time than at the end of the reaction.
There were parameter combinations where both enzymes
showed reasonable selectivity almost as high as 40%.
With time these high values began to reduce depending
on the parameters. After 24 hours the selectivity values
of Candida rugosa catalysed measure points reduced
almost to 0%, but at three points: 4, 5 and 9 the CALB
catalysed reactions kept their higher e.e. values of
14.74%, 18.95% and 22.09%, respectively.
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Figure 2: Values of enantioselectivity of the
experimental design in the presence of Candida rugosa
and Candida antarctica lipase B after the 24 hours

Determination of the optimal parameters
for highest yield and enantioselectivity

Beyond selectivity a high ester yield is a requirement to
obtain high amount of LLA, as well. Since the CALB
was the suitable enzyme among the three investigated
ones, Fig. 3 shows conversion calculated for monomer
LA and the e.c. values for the studied 13 points. Two of
the earlier mentioned three best parameter combinations
for enantioselectivity showed also high conversion rate.

Conversion of 57% and 55% was measured for
points 5 and 9.
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Figure 3: Enantioselectivity and conversion of CALB
after 24 h

To obtain more information about the optimal
parameters for the required results the experiments were
widened with some more points. One of the parameters
was changed and the values of other parameters
remained constant. The fundamental parameters were
50°C, 11 :1 alcohol : LA molar ratio, 8 w/w% initial
water content and 1 g IL. The effects of the variables,
which generally correlate with the selectivity and
conversion, are represented from Fig. 4 to Fig. 7.
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Figure 4: Effect of temperature on the enantioselectivity
and conversion
(11 : 1, 8 w/w% initial water content, 1 g IL)
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Figure 5: Effect of alcohol excess on the
enantioselectivity and conversion
(50 °C, 8 w/w% initial water content, 1 g IL)
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Figure 6: Effect of initial water content on the
enantioselectivity and conversion (50 °C, 11 : 1, 1 gIL)

Lower temperature values and initial water content,
higher alcohol excess and amount of IL were favourable.
Taking these results into account the optimal reaction
parameters could be determined: temperature of 30 °C,
11:1 alcohol : LA molar ratio, 8 w/w% initial water
content and 1 g of IL.

The reason why enantiomeric excess decreases during
the reaction is the CALB catalyses the esterification
faster with LLA than with DLA and during the reaction
the amount of DEL gets closer to LEL. To confirm our
theory, pure LLA was applied for a parallel reaction
with the above mentioned optimal parameters (30 °C,
11:1, 8 w/w% initial water content, 1 g IL). The initial
reaction rates of the two reactions are 7.63-10” mmol
product/hour and 5.92-10 mmol product/hour.
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Figure 7: Effect of added IL on the enantioselectivity
and conversion
(50 °C, 11 : 1, 8 w/w% initial water content)

Increasing the enantioselectivity of CALB

Ohara et al. [25] accomplished the lactic acid recycling
after the selective polymerization. After the separation
of not polymerized LLA it was reused and cleaned from
PLA. Applying this method the produced ester was
separated from other chemicals, hydrolysed and then the
obtained lactic acid was recycled in our laboratory. The
ratios of LLA and DLA in the further mixtures were set
as they were observed after a 24 hours reaction. The
reaction conditions were the same when the yield and
the enantioselectivity were the highest: 50 °C, 11:1
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alcohol : monomer LA molar ratio, 8 w/w% initial water
content and 1 g of ionic liquid. The reactions were
carried out with the same amount of initial LA (4 mmol)
and with the e.e. values the previous reaction showed
after 24 hours. The results can be seen in Fig. § and
Fig. 9. The first sample was prepared with rLA. After
24 hours enantiomeric excess of sample 1 reduced from
35% to 22%. The 2™ sample was prepared with the e.e.
of 22% (3.3 mmol rLA and 0.9 mmol LLA). The initial
e.e. of the 3 sample was 51% (1.9 mmol rLA and
2.1 mmol LLA) and after one hour it was 73% and
during the reaction it decreased to 65%. The last sample
contained 1.4 mmol rLA and 2.7 mmol LLA, the
selectivities were at the first hour and 24 hours 80% and
75%, respectively. In case of the yields the studied
tendency could be observed, namely the more LLA the
mixture contained the faster the reaction was.
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Figure 8: Enantiomeric excess values of each sample

after recycling the LA
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Figure 9: Conversion values of each sample after
recycling the LA

Conclusion

Esterification of racemic lactic acid was investigated
using three types of biocatalysts. First a suitable solvent,
Cyphos 104 IL was selected so that it neither catalyses
the reaction itself nor reduces the activity of the enzyme.

Then investigation of three types of enzymes was
the next step, where CALB showed the highest enantio-
selectivity and yield by certain conditions.

Optimal reaction parameters were determined; which
were temperature (30 °C), alcohol : monomer LA molar
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ratio (11 : 1), initial water content (8 w/w%) and the
added ionic liquid to the mixture (1 g).

Finally, further investigations were carried out to

increase selectivity by LA reusing. In these experiments
LA was recycled to the start of the reaction three times.
With this method e.e. value for the first hour increased

fro

m 35% to almost 80%.

NOMENCLATURE
PLA: poly-lactic acid
PLLA: poly-L-lactic acid
LA: lactic acid
rLA: racemic lactic acid
LLA: (L)-lactic acid
DLA: (D)-lactic acid
LEL: (L)-ethyl-lactate
DEL: (D)-ethyl-lactate
BuLLA: butyl-(L)-lactate
BuDLA: butyl-(D)-lactate
CALB: Candida antarctica lipase B
IL: ionic liquid
e.e. enantiomeric excess

ACKNOWLEDGEMENT

This work was supported by the research programs
“Livable environment and healthier people — Bio-
innovation and Green Technology Research at the
University of Pannonia TAMOP-4.2.2-08/1/2008-0018”
and 4.2.2/B-10/1-2010-0025. These projects are supported

by

the European Union and co-financed by the European

Social Fund.

1.

Nemzeti Fejlesztési Ugyndkség
www,ujszechenyiterv.gov.hu

0640638 638

-
-

A projekt az Eurdpai Unié tdmogatasaval, az Eurdpai
Szacidlis Alap tarsfinanszirozasaval valésul meg.

Nemzeti
Fejlesztési Ugynokség

REFERENCES

R. E. DRUMRIGHT, P.R. GRUBER, D.E.HENTON:
Polylactic acid technology, Adv Matera, 12 (2000)
1841-1846

R. DATTA, S. P. TSAI, P. BONSIGNOREA, S. H. MOONA,
J. R. FRANK: Technological and economic potential
of poly(lactic acid) and lactic acid derivatives,
Microbiol Rev 16 (1995) 221

D. J. GARLOTTA: A literature review of poly(lactic
acid), J Polym Environ, 9 (2001) 63-84

R. AURAS, B. HARTE, S. MELKE: An Overview of
Polylactides as Packaging Materials, Macromol
Biosci, 4 (2004) 835-864

K. E. PEREPELKIN: Chemistry and technology of
chemical fibers. Ploy(lactide) fibers: fabrication,

properties, use, prostects, a review, Fibre Chem+,
34 (2002) 85-100

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. H. Tsumn,

. H. R. KRICHELDOREF,

W. HOOGSTEN, A.R.POSTEMA, A.J. PENNINGS,
G. T. BRINKE, P.ZUGENMAIR: Crystal structure,
conformation, and morphology of solution-spun
poly(L-lactide) fibers, Macromolecules, 23 (1990)
634

Y.IkaDA, S.H.HyYoN, Y.KIMURA,
T.KITAO:  Stereocomplex formation between
enantiomeric poly(lactic acid). VIII. Complex fibers
spun from mixed solution of poly (D-lactic acid)
and poly (L-lactic acid) J Appl Polym Sci, 51
(1994) 337

. J. CICERO, J. R. DORGAN: Physical properties and

fiber morphology of poly(lactic acid) obtained from
continuous two-step melt spinning, J Polym
Environ, 9(1) (2001) 1-10

I. KREISER-SAUNDERS,
C. JURGENS, D. WOLTER: Polylactides-synthesis,
characterization and medical application, Macromol
Symp, 103 (1996) 85

H. OHARA, T. YOSHIDA: A higher optical purity of
L-lactic acid produced in Streptococcus faecalis,
Appl Microbiol Biot, 40 (1993) 258-260

C. LEE: Production of D-lactic acid by bacterial
fermentation of rice, Fiber Polym, 8 (2007) 571-578

A.NEMETH, A.Kiss, B.SEVELLA: Kisérletek
D-tejsav fermentacios eléallitasara (Experiments for
D-lactic acid production with fermentation, Miiszaki
Kémiai Napok (Technical Chemistry Days)
Veszprém, 2011, Proceedings, (2011) 202-205

O. DECHY-CABARET, B. MARTIN-VACA, D.BOURISSOU:
Controlled ring-opening polymerization of lactide
and glycolide, Chem Rev, 104 (2004) 6147-6176

K. A. DISTEL, G. ZHU, P. WANG: Biocatalysis using
an organicsoluble enzyme for the preparation of
poly(lactic acid) in organic solvents, Bioresource
Technology, 96 (2005) 617—623

S. MATSUMURA, K. MABUCHI, K. TOSHIMA: Lipase-
catalyzed polymerization of lactide, Macromol Rapid
Comm, 18 (1997) 477482

M. FUlOKA, N. HOSODA, S. NISHIYAMA, H. NOGUCHI,
A. SHoJI, D.S. KUMAR, K.KATSURAYA, S.ISHII,
Y. YOSHIDA: One-pot enzymatic synthesis of
poly(L, L)-lactide by immobilized lipase catalyst,
Sen-I Gakkaishi, 62 (2006) 63—65

J. T. GORKE, O. KRZYSTOF, A. LOUWAGIE,
R. J. KAZLAUSKAS, F. SRIENC: Enzymatic synthesis
of poly(hydroxyalkanoates) in ionic liquids, J
Biotechnol, 132 (2007) 306313

M. YOSHIZAWA-FUIITA, C. H. SAITO, Y. TAKEOKA,
M. RIKUKAWA: Lipase catalyzed polymerization of
L-lactide in ionic liquids, Polym Advan Technol, 19
(2008) 1396-1400

S. CHANFREAU, M. MENA, J. R. PORRAS-DOMINGUEZ,
M. RAMIREZ-GILLY, M. GIMENO, P. ROQUERO,
A. TECANTE, E. BARZANA: Enzymatic synthesis of
poly-L-lactide and poly-L-lactide-co-glycolide in an
ionic liquid, Bioproc Biosyst Eng, 33 (2010) 629-638



20.

21.

22.

23.

24.

25.

26.

27.

D. ZHANG, S. BAl, M. REN, Y. SUN: Optimization
of lipase-catalyzed enantioselective esterification of
(£)-menthol in ionic liquid, Food Chem, 109 (2008)
72-80

W.Lou, M.ZONG, Y.Liu, J. WANG: Efficient
enantioselective hydrolysis of d,l-phenylglycine
methyl ester catalyzed by immobilized Candida
antarctica lipase B in ionic liquid containing
systems, J Biotechnol, 125 (2006) 64—74

Y. IKEDA, Y. KUROKAWA: Enantioselective
Esterification of Racemic Ibuprofen in Isooctane by
Immobilized Lipase on Cellulose Acetate-Titanium
Iso-Propoxide Gel Fiber, J Biosci Bioeng, 93 (2002)
98-100

O. ULBERT, T. FRATER, K. BELAFI-BAKO, L. GUBICZA:
Enhanced enantioselectivity of Candida rugosa lipase
in ionic liquids as compared to organic solvents,
J Mol Catal B-Enzym, 31 (2004) 39-45

H. OHARA, A. ONOGI, M. YAMAMOTO, S. KOBAYASHI:
Lipase-catalyzed oligomerization and hydrolysis of
alkyl lactates: direct evidence in the catalysis
mechanism that enantioselection is governed by a
deacylation step, Biomacromolecules, 11 (2010)
2008-2015

H. OHARA, M. YAMAMOTO, A.ONOGI, K. HIRAO,
S. KOBAYASHI: Optical resolution of n-butyl D- and
L-lactates using immobilized lipase catalyst, J
Biosci Bioeng, 111 (2011) 19-21

M. MONIRUZZAMAN, K. NAKASHIMA, N. KAMIYA,
M. GOTO: Recent advances of enzymatic reactions
in ionic liquids, Biochem Eng J, 48 (2010) 295-314
A. ROMERO, A. SANTOS , J. TOJO, A. RODRIGUEZ:

Toxicity and biodegradability of imidazolium ionic
liquids, J Hazard Mater, 151 (2008) 268-273

28.

29.

30.

31.

32.

33.

34.

35.

36.

425

S. PARK, R.J.KAzLAUSKAS: Toxicity and bio-
degradability of imidazolium ionic liquids, J Org
Chem, 66 (2001) 8395-8401

J. T. CHIN, S.L. WHEELER, A.M. KLIBANOV: On

protein solubility in organic solvents, Biotechnol
Bioeng, 44 (1994) 140-145

B. MAIOR, G. NEMETH, K. BELAFI-BAKO, L. GUBICZA:
Unique role of water content in enzymatic synthesis
of ethyl lactate using ionic liquid as solvent, Chem
Pap, 64 (2010) 261-264

J. MARTAK, S. SCHLOSSER: Extraction of lactic acid
by phosphonium ionic liquids, Sep Purif Technol,
57 (2007) 483494

D. E. HENTON, P. GRUBER, J. LUNT, J. RANDALL:
Polylactic Acid Technology In: Natural Fibers,
Biopolymers, and Biocomposites, Edited by Amar
K. Mohanty, Manjusri Misra and Lawrence T.
Drzal, CRC Press 2005

L. GUBICZA, K. BELAFI-BAKO, E. FEHER, T. FRATER:
Waste-free process for continuous flow enzymatic

esterification in ionic liquid medium, Green Chem,
10 (2008) 12841287

E. FEHER, B. MAJOR, K. BELAFI-BAKO, L. GUBICZA:
Semi-continuous enzymatic production and membrane
assisted separation of isoamyl acetate in alcohol —
ionic liquid biphasic system, Desalination, 241 (2009)
8-13

D.T. Vu, A. K. KOLAH, N. S. ASTHANA,
L. PEEREBOOM, C. T. LIRA, D. J. MILLER: Oligomer
distribution in concentrated lactic acid solutions,
Fluid Phase Equilibr, 236 (2005) 125-135

V. GOTOR: Asymmetric Organic Synthesis with
Enzymes, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim (2008)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




