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Deep eutectic solvents act as surfactants in biphasic (hydrophobic/aqueous) reaction mixtures enabling

higher interfacial surface areas at lower mechanical stress as compared to simple emulsions. Exploiting

this effect the rate of a chemoenzymatic epoxidation reaction was increased more than six-fold.
Introduction

The potential of biocatalysis for better environmentally
acceptable chemical production is widely recognised today.1–3

However, the majority of industrially relevant products are
rather hydrophobic by nature, which poses a signicant chal-
lenge to biocatalysis, which generally occurs in aqueous reac-
tion media. Hence, many biocatalytic reactions are performed
in aqueous media using rather low concentrations of the
starting material (frequently in the lower millimolar range). As
a consequence the economic interest in such biocatalytic reac-
tions is low because of the environmental impact of such
reactions tends to be high.1 Therefore, one of the major chal-
lenges faced in biocatalysis is to bridge the gap between
hydrophobic reagents and hydrophilic reaction conditions. For
this reason, the two liquid phase (2LP) approach was used very
oen in the past.4,5 Here, a hydrophobic organic solvent serves
as substrate reservoir and product sink enabling overall high
reagent loadings and also circumventing aqueous side reac-
tions such as hydrolysis or further reactions of the desired
products.6–8

Such heterogeneous reaction mixtures, however, are oen
kinetically hampered by phase transfer rates. i.e. the rate of
diffusion of the starting material from the organic phase into
the aqueous reaction phase becomes overall rate-limiting.
Therefore, increasing the interfacial area between the hydro-
phobic and the aqueous phase is essential in maximising
diffusion rates.
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More recently, deep eutectic solvents (DES) have attracted
much attention due to their advantage of facile preparation,
high biodegradability and low toxicity.9 Interestingly, higher
catalytic efficiencies of several kind of enzymes tested were
achieved in DES compared to the normal solvent.10–12 It has
been established in the past that various deep eutectic solvents
such as, choline chloride/urea and choline chloride/glycerol, are
able to reduce the surface tension of water in organic-aqueous
2LPS.13 However, to the best of our knowledge, practical
implementation with biocatalytic reactions has not been
implemented yet. Therefore, we became interested in evalu-
ating the effect of DES on a biocatalytic 2LPS reaction. As
a model reaction we chose the chemoenzymatic epoxidation of
soybean oil (SBO) using Penicillium camemberti lipase (PCL,
Scheme 1). In this reaction aqueous hydrogen peroxide is used
to in situ generate peracids from free fatty acid ‘impurities’
within the SBO.14,15 These peracids then spontaneously perform
Scheme 1 Chemoenzymatic epoxidation of SBO in 2LP reaction
mixture. SBO forms the organic layer. Free carboxylic acids are present
in the SBO partition between the oil and the aqueous layer (containing
H2O2 and enzyme) wherein they are transformed into peracids. The
latter partition between both layers and mediate the Prileschajew
epoxidation of the SBO.
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a Prilezhaev-type epoxidation on the C]C-double bonds within
SBO. PCL was chosen as catalyst for the perhydrolysis reaction
due to its inactivity towards triglycerides,16,17 thereby circum-
venting any undesired hydrolysis of the SBO. The resulting
epoxidised SBO is considered as a promising substitute for
phthalates as plasticiser.18,19
Experimental sections
Materials

Penicillium camemberti lipase (PCL) was obtained from Amano
pharmaceutical Co., Ltd (Nagoya, Japan). SBO was supplied by
Kerry Oils & Grains Ltd. (Shenzhen, China). Hydrogen peroxide
(30%, w/w), choline chloride, urea, glycerol, sorbitol and xylitol
were purchased from Aladdin Chemistry Co., Ltd (Shanghai,
China). All other reagents were analytical grade.
Preparation of DESs

DESs were prepared in differentmolar ratios of choline chloride to
hydrogen bone donors (glycerol, urea, xylitol and sorbitol) as
shown in Table 1. The eutectic mixtures were obtained by rotary
evaporation of the two components at 100 �C in water bath until
a homogeneous transparent liquid was formed.20
Epoxidation reaction

Reactions were performed in a 10 mL Erlenmeyer ask at 40 �C
withmagnetic stirring (500 rpm). The reactionmixture contained
SBO (3.0 g), hydrogen peroxide (30%, 1.2 mL), PCL (300 mg) and
DESs (4.26 g). Sample from reaction without adding DESs was
used as control. Reactants was withdrawn at time intervals, and
the oxirane oxygen contents of epoxidized HBO were measured
according to the previous described method with minor modi-
cation.21 In briey, 0.1 g epoxy oil was obtained from upper phase
of the reactant sample aer centrifugation with a speed of
12 000 rpm. And then it was dissolved in 5 mL chloroform and
titrated against 0.1 N HBr in a glacial acetic acid solution, and
crystal violet was used as an indicator. The solution would turn as
bluish-green colour at the end point. The oxirane oxygen content
was calculated using equation below:

Oxirane oxygen content ¼ L�N � 1:6

W

where, L is the volume of HBr solution (mL), N is the normality
of HBr solution and W is the mass of the sample (g).
Table 1 Choline chloride based deep eutectic solvents and their
components

Entry
Hydrogen bond
acceptor

Hydrogen bond
donor Molar ratio

1 Choline chloride Urea 1 : 2
2 Glycerol 1 : 1
3 Xylitol 1 : 1
4 Sorbitol 1 : 1

40368 | RSC Adv., 2017, 7, 40367–40370
The conversion of unsaturated to epoxy groups was deter-
mined by the following expression:22

Relative conversion ¼ OOe

OOt

where, OOe is the experimental oxirane oxygen; OOt, theoretical
maximum oxirane oxygen, which was determined to be 7.64%
from the followed equation:

OOt ¼
IV0

2Ai

� �

100þ IV0

2Ai

� �� �
8>><
>>:

9>>=
>>;

� AO � 100

where, Ai (126.9) and Ao (16.0) are themolecular weight of iodine
and oxygen, respectively and IV0 is the initial iodine value of the
SBO sample.”
General analysis method
Surface tension measurements

The interfacial tensions of oil/water or containing DESs (30%,
50% and 70% choline chloride/sorbitol) solution without add-
ing PCL lipase were determined with the plate method using
a DCAT 21 tensiometer (Dataphysics, Germany) and the
temperature was set as 25.0 � 0.1 �C. The interfacial tensions of
each sample were continuously recorded for 3000 seconds
(result was shown by Fig. S1 in ESI†).
Confocal microscopy analysis

Microstructure of oil/water or containing DESs droplets were
investigated using laser scanning confocal microscopy (LSCM,
Leica, Germany). Nile red was used as oil-phase marker and the
excitation wavelength was set as 553 nm. All sample were
agitated for at least 15 min before the observations. A drop of
the stained sample was placed on a concave confocal micro-
scope 1.2 mm slide, and then typical images were obtained.
Droplet size analysis

The size of oil droplets were analyzed by using a Mastersizer
2000 laser diffractometer with the Hydrosizer 2000S module
(Malvern Instruments, UK). The SBO was extemporaneously
dispersed in water (or containing DESs with various contents) at
500 rpm until an obscuration rate of 10–20% was obtained.
Then, the droplet size distributions (d3,2 and d4,3) were
investigated at 30 min. Each sample was measured in triplicate.
Result and discussion

In a rst set of experiments, we evaluated a range of different
DES for the chemoenzymatic epoxidation reaction. As shown in
Fig. 1, sugar-based DES excelled in their performance enabling
roughly ten-fold increased reaction rates as compared to
aqueous reaction conditions. And single component of DES did
not show similar benecial effect on enhancing the catalytic
efficiency as that of DES (Fig. S2 in ESI†).
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Chemoenzymatic epoxidation of SBO in different reaction
media. General conditions: reactions were performed in a 10 mL
Erlenmeyer flask at 40 �C for 12 h withmagnetic stirring (500 rpm). The
reaction mixture contained SBO (3.0 g), hydrogen peroxide (30%, 1.2
mL), PCL (300 mg) and DES (4.26 g). CU: choline chloride/urea, CG:
choline chloride/glycerol, CX: choline chloride/xylitol, CS: choline
chloride/sorbitol.
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Encouraged by these results, we investigated the DES
composed of choline chloride (ChCl) and sorbitol in more
detail. As shown in Fig. 2, the ChCl/sorbitol content had
a signicant inuence on the rate and nal yield of the che-
moenzymatic epoxidation reaction.

We estimated the catalytic performance of PCL to increase
from roughly 3 min�1 (in case of the aqueous only reaction
conditions) to more than 19 min�1 in case of 70% ChCl/sorbitol.
At the same time, also the nal conversion increased from 12% to
more than 95%. In terms of waste generated, this also corre-
sponds to a reduction of the E-factor2 from 23.4 gwaste gproduct

�1

(in case of the aqueous conditions) to approx. 2 gwaste gproduct
�1 as

in case of 70% ChCl/sorbitol.
We suspected the interfacial area size to be the most decisive

factor for this observation and therefore determined the average
Fig. 2 Time courses of the chemoenzymatic epoxidation of SBO to
epoxy SBO in water with various content of ChCl/sorbitol 0% ( ), 30%
( ), 50% ( ) or 70% ( ). General conditions: reactions were performed
in a 10 mL Erlenmeyer flask at 40 �C for 48 h with magnetic stirring
(500 rpm). The reaction mixture contained SBO (3.0 g), hydrogen
peroxide (30%, 1.2 mL), PCL (300 mg) and ChCl/sorbitol DES (4.26 g).

This journal is © The Royal Society of Chemistry 2017
size distribution of the SBO droplets in the reaction system
using laser diffraction (Fig. 3).

Indeed, there was a good correlation between the mean
average size of the droplets and the initial rate of the chemo-
enzymatic epoxidation reaction. Plotting the droplet surface
(calculated with formula of S ¼ 4pR2) against the initial rate
gave an almost linear relationship. Therefore we conclude that
the interfacial surface area correlates directly with the overall
rate of the reaction. It is worth mentioning here that this effect
can be attributed to a reduction of the surface tension of the
SBO droplets in the aqueous reaction system (Fig. 4).

To rationalise the correlation between surface area and
productivity of the 2LPS two factors should be taken into
account: rst, as interfacially activated enzymes lipases exhibit
signicantly higher activity if situated at the interface.23 Hence,
increasing the relative surface area will also increase the
concentration of active lipases. Second, also faster partitioning
of the reagents between both phases (due to a higher surface
area) effects the overall rate of a diffusion-limited reaction.
Further studies dissecting both effects are currently underway.

Finally, it is also worth mentioning here that reduction of the
interfacial surface tension also results in less mechanical force
necessary to obtain emulsions which will reduce the mechanical
Fig. 3 Droplet size and distribution of SBO in water containing ChCl/
sorbitol DES. (A) 0% ( ), 30% ( ), 50% ( ) and 70% ( ). Typical confocal
laser scanning microscopy images of the SBO emulsions with various
content of ChCl/sorbitol (B–E) 0% (B), 30% (C), 50% (D) and 70% (E).

RSC Adv., 2017, 7, 40367–40370 | 40369
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Fig. 4 Interfacial tension of SBO in water containing various content
of ChCl/sorbitol DES (0, 30, 50 and 70%). Interfacial tension of each
sample after 3000 second were shown.
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stress exceeded on the biocatalysts hence achieving more robust
biocatalytic reactions. However, by adding some traditional
surfactants into the reaction, the catalytic efficiency of our reac-
tions have not been obviously elevated, even that they would have
negative effect on the reaction process (Fig. S2 in ESI†).
Conclusions

Overall, in this study we have demonstrated that stable micro
emulsions can be obtained by simple addition of sugar-based
DES. These ‘performance-additives’ efficiently lower the
surface tension of hydrophobic organic phases in aqueous
reaction media and thereby enable more efficient biphasic
biocatalytic reactions.

Taking the benecial effect of DES on enzyme stability15,24,25

into account we are very condent that this concept may
represent a future-pointing approach for biocatalysis by
achieving more robust (due to the stabilizing effect) and more
efficient (due to the increased surface area in 2LPSs) reactions
and thereby make biocatalytic transformations of hydrophobic
starting materials more attractive and environmentally more
acceptable. Extension of this approach to other enzyme reac-
tions is currently ongoing in our laboratory.
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