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The enzymatic preparation of biodiesel has been hampered by the lack of suitable solvents with
desirable properties such as high lipase compatibility, low cost, low viscosity, high biodegradability, and
ease of product separation. Recent interest in using ionic liquids (ILs) as advanced reaction media has
led to fast reaction rates and high yields in the enzymatic synthesis of biodiesel. However, conventional
(i.e., cation—anion paired) ILs based on imidazolium and other quaternary ammonium salts remain too
expensive for wide application at industrial scales. In this study, we report on newly-synthesized eutectic
ILs derived from choline acetate or choline chloride coupled with biocompatible hydrogen-bond
donors, such as glycerol. These eutectic solvents have favorable properties including low viscosity, high
biodegradability, and excellent compatibility with Novozym® 435, a commercial immobilized Candida
antarctica lipase B. Furthermore, in a model biodiesel synthesis system, we demonstrate high reaction
rates for the enzymatic transesterification of Miglyol® oil 812 with methanol, catalyzed by Novozym®
435 in choline acetate/glycerol (1: 1.5 molar ratio). The high conversion (97%) of the triglyceride
obtained within 3 h, under optimal conditions, suggests that these novel eutectic solvents warrant
further exploration as potential media in the enzymatic production of biodiesel.

Introduction

Tonic liquids (ILs) are semi-organic fluids consisting wholly of ions
which remain liquid at temperatures below 100 °C. As alternatives
to conventional volatile organic solvents, ILs are enjoying an expo-
nential growth in exploration as reaction media for biocatalysis,
mainly due to their attractive features such as low volatility and
tunable property sets. However, the most widely-known ILs derive
from rather expensive cations (e.g., imidazoliums, pyridiniums,
pyrrolidiniums, piperidiniums), preventing these promising sol-
vents from being utilized at commercial scales. On the other hand,
there is an increasing demand for inexpensive ILs readily available
in large quantities for the industrial production of affordable
commodities such as cellulosic ethanol*® and biodiesel.*?
Recently, the Abbott group'™ has demonstrated that the
mixture of a solid organic salt and a suitable complexing agent
can sometimes liquify at temperatures below 100 °C, a so-
called ‘deep eutectic IL’. The mechanism put forth is that the
complexing agent (typically a hydrogen-bond donor) interacts
with the anion, thereby increasing its effective size and shielding
its interaction with the cation, in turn inducing a depression
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in the melting point (7,) of the mixture. A superb example is
the mixture of choline chloride (7', = 302 °C, 2-hydroxyethyl-
trimethylammonium chloride, Scheme 1a) and urea (7',, = 133 °C)
ina 1 :2molar ratio, resulting in a room-temperature deep eutectic
IL (T; = 12 °C)." A major advantage of this approach is that
inexpensive, bulk commodity, and non-toxic chemicals can fre-
quently be employed, and the liquid properties can be fine-tuned by
combining various organic salts and complexing agents in different
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Scheme 1 Structures of choline chloride (1a), choline acetate (1b), and
four hydrophobic ILs: [BMIM][Tf,N] (5), [Me(OEt);-Et;N][Tf,N] (6),
[Me(OEt);-Et-Im][Tf,N] (7), and [Me(OEt);-Me-Et-Im][Tf,N] (8).
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ratios. Considering that many inexpensive quaternary ammonium
salts are available and there exists a wide variety of amides, amines,
carboxylic acids and alcohols to serve as complexing agents, the
possibilities for forming new and inexpensive eutectic ILs are
enormous. In particular, choline chloride, so-called vitamin B,,
is produced on the Mtonne (million metric ton) scale annually
as an additive for chicken feed, among other applications. In
addition to its low cost, choline chloride is considered to be
non-toxic and biodegradable.”® In fact, choline chloride is an
essential micronutrient and human nutrient.'* Meanwhile, eutectic
ILs can dissolve a variety of metal salts, acids (aromatic, amino,
citric, benzoic), and polyols such as glucose or glycerol.!®!15-17
Therefore, eutectic ILs derived from cholinium cations are suitable
for numerous large-scale commercial applications.

Recently, Gorke et al.'® reported that several hydrolases
(Candida antarctica lipase B (CALB), Candida antarctica lipase
A (CALA), and epoxide hydrolase) maintained high activity
in eutectic ILs based on choline chloride or ethylammonium
chloride (hydrogen-bond donors included acetamide, ethylene
glycol, glycerol, urea, and malonic acid). When used as co-
solvents, eutectic ILs were also capable of improving the reaction
rates and/or conversion efficiencies of hydrolases. The hydrogen-
bond (H-bond) network in eutectic ILs was rationalized as being
responsible for the reduction in chemical potential of components
of the ionic solvents, making them less reactive. Another recent
study® indicated that choline chloride/glycerol (1 : 2, molar ratio)
was capable of preserving the integrity and viability of bacteria
embedded in eutectic ILs prepared via a freeze-drying process, with
implications for carrying out whole-cell biocatalysis in eutectic ILs.

One potential drawback of current eutectic ILs derived from
choline halides and urea stems from their relatively high viscosities.
For example, the choline chloride/urea (1 :2 molar ratio) mixture
has a fairly high viscosity of around 1200 mPa s at room
temperature (RT) and 169 mPa s at 40 °C."? These viscosities
are considerably higher than many of the more fluid conventional
ILs, introducing barriers to commercial adoption, such as mass-
transfer limitations, operability issues, and requirements for
agitation. For instance, at RT, the viscosity of [BMIM][Tf,N] is
roughly 49 mPa s.2° Indeed, with the exception of an IL bearing a
glycol side-chain, the RT viscosity for 15 common ILs fell in the
49-272 mPa s range.”® Conversely, it is known that acetate- and
formate-based ILs have lower melting points and viscosities than
their halide analogues.”* Moreover, a recent study® suggested
that cholinium alkanoates, including the acetates, represent en-
vironmentally benign and biodegradable choices, with reduced
toxicity compared to their corresponding sodium salts, allowing
for the elaboration of ‘bio-ILs’.* Therefore, our current study aims
to modify the anion of the widely-used choline salt from chloride to
acetate, coupled with the use of glycerol (7', = 18.1 °C)* as H-bond
donor, in the hopes of achieving highly-fluid and environmentally-
responsible eutectic ILs. In the work detailed here, we study CALB
compatibility with our new eutectic solvents, with a focus on their
suitability for enzyme-catalyzed biodiesel synthesis.

Biodiesel, comprising monoalkyl fatty esters, has become an
attractive, renewable, and biodegradable fuel for diesel engines
and heating systems.” Recent studies have shown that lipase-
compatible ILs are promising solvents for the enzymatic transes-
terification of triglycerides during biodiesel synthesis.*”**"* How-
ever, most of these ILs are based on expensive imidazolium salts,

and the use of these solvents at tonnage-scales for the industrial
production of biodiesel remains out of the realm of practicality,
given the current costs associated with alkylimidazolium salts.
Therefore, it will prove extremely valuable to develop lipase-
compatible eutectic ILs from inexpensive and biodegradable
cholinium salts. This study represents our preliminary results
illustrating the promise and feasibility of such an approach.

Experimental
General

The following materials were obtained from Sigma-Aldrich:
choline chloride, glycerol, ethylene glycol (EG), urea, Novozym®
435 (CALB immobilized on polyacrylate beads, product #1.4777,
Lot #067K3522; activity >10 U mg™"), Amberlyst® A26 hydroxide
(OH) form, ethyl sorbate, methyl octanoate, and methyl decanoate.
Miglyol® oil 812 NF/USP from Sasol was supplied by Fisher
Scientific.

IL preparations

1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([BMIM][Tf,N], 5), triethyl (2-(2-methoxyethoxy)ethoxy)-
ethylammonium bis(trifluoromethylsulfonyl)imide ([Me(OEt);-
Et;N][Tf,N], 6), l-ethyl-3-(2-(2-methoxyethoxy)ethoxy)ethyl-
imidazolium bis(trifluoromethylsulfonyl)imide ([Me(OEt);-Et-
Im][Tf,N], 7), and 1-ethyl-3-(2-(2-methoxyethoxy)ethoxy)ethyl-
2-methylimidazolium  bis(trifluoromethylsulfonyl)imide ([Me-
(OEt);-Me-Et-Im][Tf,N], 8) were prepared and characterized as
detailed in our earlier studies** (see structures in Scheme 1).
Choline acetate (ChOAc) or other carboxylate analogues can
be prepared by several common methods: (i) reaction of choline
bicarbonate with acetic acid (or corresponding carboxylic acids);*
(ii) reaction of choline hydroxide with acetic acid (or correspond-
ing carboxylic acids);*** (iii) metathesis on a column using an
anion-exchange resin.*' In this study, we followed a column anion-
exchange approach to prepare choline acetate with high purity.*!
To accomplish this, a chromatography column was packed with
ca. 150 g of Amberlyst® A26 hydroxide (OH) form. The anion-
exchange resin was flushed with sodium hydroxide solution to
ensure the complete loading of hydroxide anions on the column.
The OH-form resin was then thoroughly washed with distilled
water to remove superfluous sodium hydroxide residues. Next, the
OH-form resin was exchanged to the acetate form by washing the
column with concentrated ammonium acetate solutions (Caution:
although effective for anion exchange, washing with acetic acid
proved excessively exothermic). The efficiency of anion exchange
was examined by silver nitrate testing of the eluate exiting the
column. After rinsing out the residual ammonium acetate with
distilled water, 15.8 g of choline chloride in 200 mL of water was
passed through the acetate-exchanged column dropwise, and the
choline acetate eluate was collected and dried in an oven at 100 °C
for 24 h. The product weighed 14.0 g (76% yield). The T,, of
choline acetate was reported as 51 °C,** however, it is evident that
this IL is highly hygroscopic and able to absorb moisture quickly
when exposed to laboratory air. '"H NMR (300 MHz, D,0): 6§
(ppm) = 1.91 (s, 3H, CH;CO,"), 3.20 (s, 9H, (CH;);N), 3.52 (t,
2H, CH,N, J = 4.8 Hz), and 4.06 (m, 2H, CH,OH). “C NMR
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(D,0) & (ppm) = 26.1 (s, CH;CO,"), 56.6 (t, (CH;);N, J = 14.3
Hz), 58.3 (s, CH,OH), 70.2 (t, CH,N, J = 11.5 Hz), and 183.9 (s,
CH;CO;).

Eutectic ILs can be easily prepared by either thermally treating
the admixed precursors’®? or by freeze-drying a solution.'*3
Following the former method, we combined choline acetate (or
choline chloride) and a given H-bond donor (e.g., glycerol) at
an appropriate molar ratio at 60 °C under rigorous agitation for
30 min (or, in the case of choline chloride, 80 °C). The resulting
clear liquid was dried over P,O; at 45 °C for at least 2 weeks. The
water contents for all eutectic ILs were determined in triplicate
by Karl Fischer (KF) titration (Mettler Toledo C20X compact
Coulometric; detection limit of 1 ppm water) at 20 °C, and were
typically between 0.5 and 1.0 wt%. The same titrator was used
in determining water contents of all solvents for the following
reactions. Hydranal® Coulomat AG was used as analyte for the
titration.

Thermal analysis of deep eutectic ILs

Thermogravimetric analysis (TGA) measurements to assess ther-
mal stabilities were conducted on a TA Instruments 2950 with the
DES samples (35-50 mg) micropipetted into open platinum pans
and then heated from room temperature up to 500 °C at a heating
rate of 10 °C min™' under a protective gas atmosphere (nitrogen,
flow rate: 50 cm’® min™). The temperature of decomposition (7 s;)
was taken as the onset temperature at which 10% of the initial mass
had been lost during the TGA scanning experiment. Differential
scanning calorimetry (DSC) was carried out under a nitrogen
atmosphere using a TA Instruments DSC Q100 fitted with a liquid
nitrogen cooling system. Samples weighing 7-11 mg were hermet-
ically sealed in aluminium pans and heated to 70 °C followed by
cooling to =90 °C at a rate of 5 °C min™ and finally heated back
to 100 °C again at a rate of 5 °C min™'. This cooling-heating
program was repeated for a second cycle. The appropriate thermal
transitions (i.e., glass-transition temperatures, T',; crystallization
temperatures, 7'.; melting points, T',,) were determined, when they
occurred, from analysis of the second programmed reheating cycle
(see Fig S1 in the ESIY).

Moisture absorption by eutectic mixtures

1.0 mL of IL was placed in a glass vial and incubated in an oil
bath at 50 °C with gentle agitation. The vial was open to the air
(with a relative humidity of 64% at 20 °C) for 24 h to achieve the
water-absorbing equilibrium. The initial and final water contents
were determined by the Karl Fischer titrator at 20 °C.

Enzymatic transesterification of ethyl sorbate with 1-propanol

All solvents and enzymes were dried over P,Os prior to use.
In a typical experiment, 50 uL of ethyl sorbate-containing 1-
propanol were added to 1.0 mL of IL within a capped glass
vial. The final concentrations of ethyl sorbate and 1-propanol
were 5 mM and 0.67 M, respectively. A typical reaction contained
1.0 vol% water. After adding 20 mg Novozym® 435, the reaction
mixture was gently stirred in an oil bath at 50 °C. Periodically, a
sample of the reaction mixture (50 uL) was withdrawn and diluted
with 100 uL methanol. After centrifugation to spin out possible
enzyme particles, the clear supernatant was subjected to HPLC

analysis following methods detailed below. The concentration of
propyl sorbate was calculated from its integrated area against
the standard curve of sorbic acid.? As Novozym 435 can
potentially leach trace amounts of sorbic acid and sorbate ester,*
control experiments were conducted without the addition of ethyl
sorbate. Thus, all activities reported are the net activities after
subtraction of control rates. All experiments were run in duplicate.
A representative HPLC chromatogram of the reaction is provided
in Fig S2 of the ESIL.}

CALB stability in eutectic IL

Novozym® 435 (20 mg, dried over P,O5) was incubated in 1.0 mL
of eutectic IL under gentle agitation at 50 °C. After a certain
incubation time, the enzyme-in-IL mixture was chilled on an ice
bath before injection of 50 uL of 1-propanol containing dissolved
ethyl sorbate, in order to minimize the enzymatic reaction for
initial substrate concentration determination. The nominal initial
substrate concentrations of ethyl sorbate and 1-propanol were
5 mM and 0.67 M, respectively. The reaction was maintained at
50 °C, and product concentrations were determined periodically
by HPLC; the reaction rate was typically linear over the first hour.

Enzymatic transesterification of Miglyol® oil 812

Miglyol® oil 812 (0.11 g, ~100 uL; MgSO,-dried) was added into
a micro-reaction vessel (5 mL total volume), containing a 1.0 mL
mixture of IL and methanol. The oil was mostly dissolved in
the IL/MeOH mixture after gentle agitation at 50 °C. A typical
reaction contained 1.0 vol% water. Novozym® 435 (30 mg) was
added to this mixture to initiate the reaction. The reaction mixture
was sealed and incubated at 50 °C in an oil bath. After a certain
reaction time, the reaction vessel was lifted from the oil bath and
chilled briefly in an ice bath to condense the volatiles. Methanol
(4.0 mL) was added into the reaction mixture to fully dissolve
the triglycerides and fatty acid methyl esters. After centrifugation,
the clear supernatant was injected into the HPLC and the method
discussed below deployed. The integration of all triglyceride peaks
at time 7 was compared with their initial peak areas at 7, to calculate
their conversions. The product peaks were quantified through
comparison with those of standard solutions of methyl octanoate
and methyl decanoate. All experiments were run in duplicate, at
least. The percent errors were less than 5%. A representative HPLC
chromatogram of the reaction is shown in Fig S3 (see ESI+).

To isolate and purify the product for "H NMR analysis, 30 mL
of methanol was added into the reaction mixture. The enzyme
was removed by filtration, and methanol was evaporated in vacuo.
Distilled water (50 mL) was then mixed with the residue to dissolve
IL and glycerol, and 50 mL of ethyl acetate was added to extract
the fatty acid monoesters. The ethyl acetate layer was further
washed with 50 mL of water to remove traces of IL and glycerol.
After drying the organic layer with sodium sulfate and filtering
off sodium sulfate, the product was collected by removal of ethyl
acetate on a Schlenk line. The product was then dissolved in CDCl;,
for NMR analysis (JEOL ECX-300 MHz).

Miglyol® oil 812. 'H NMR (300 MHz, CDCl,) § (ppm) =
0.85 (9 H, t, CH, J = 6.5 Hz), 1.24 (29 H, m, aliphatic CH.),
1.58 (6 H, m, 0,CCH,CH,), 2.30 (6 H, t, 0,CCH.,, J = 7.5 Hz),
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4.09-4.30 (4 H, d,d.d, RCO,CH,CH(0,CR)CH,0,CR), 5.24 (1
H, m, RCO,CH,CH(0,CR)CH,0,CR).

Methyl octanoate and methyl decanoate produced from Miglyol®
oil 812. 'H NMR (300 MHz, CDCl;) é (ppm) = 0.86 (9 H, t,
CH,, J = 6.9 Hz), 1.25 (30 H, m, aliphatic CH,), 1.61 (6 H, m,
0,CCH,CH,), 2.30 (6 H, m, O,CCH,), 3.65 (3H, s, CH;0,CR).

HPLC analysis of reaction mixtures

LC-20AT Shimadzu HPLC equipped with a SPD-20A UV-visible
dual-wavelength detector was used in the analysis of reaction
mixtures. The injection-loop volume was 20 puL. The column
employed was a Phenomenex® Kinetex C18 column (100 mm X
4.6 mm, particle size 2.6 um). The flow rate was 1.0 mL min™.
For the transesterification of ethyl sorbate with 1-propanol, the
isocratic eluent consisted of 60 vol% methanol and 40 vol% water
containing 1 vol% acetic acid; the UV detection wavelength was
258 nm. For the transesterification of Miglyol® oil with methanol,
the isocratic eluent consisted of 95 vol% MeOH and 5 vol% water
containing 1 vol% acetic acid, and the UV detection wavelength
of 210 nm was used.

Results and discussion
Physical properties of new eutectic ILs

At first, we prepared choline acetate (1b, Scheme 1) from choline
chloride through an anion-exchange column method.** We then
synthesized new eutectic ILs by mixing choline acetate and H-
bond donors (e.g., urea, glycerol, or ethylene glycol) at 60 °C. The
thermal stabilities of different IL mixtures were quantified by the
decomposition temperature (7'y.,), which denotes the temperature
at which 10% of the initial mass had been lost during the TGA
scanning experiment. As summarized in Table 1, various molar
ratios of choline acetate/glycerol showed little impact on the
thermal stability of mixtures, whereas different combinations of
the cholinium salts with various H-bond donors exerted greater
influence on 7'y,. Most of the eutectic mixtures are stable to 200 °C
or so, except for the cases of 1:2 choline chloride/ethylene glycol
(EG) and 1 : 2 choline acetate/urea which showed distinctly lower
T4, values of 121 and 182 °C, respectively.

The melting points (7,) of ionic mixtures were determined
based on analysis of two consecutive DSC cooling—heating cycles;
raw DSC data are provided within Fig. S1 in the ESI.{ Based on
the T, results compiled in Table 1, the deep eutectic composition

Table 1 Thermal decomposition temperatures and melting points of
ionic mixtures

Tonic mixture T4 (°C) T, (°O)
Choline acetate/glycerol (1:1) 204 20
Choline acetate/glycerol (1 :1.25) 216 14
Choline acetate/glycerol (1:1.5) 212 13
Choline acetate/glycerol (1:2) 205 23
Choline acetate/glycerol (1 : 3) 205 20
Choline acetate/EG (1:2) 121 23
Choline acetate/urea (1:2) 182 18
Choline chloride/urea (1:2) 211 13
Choline chloride/glycerol (1:2) 216 23

Note: EG = ethylene glycol.

Table 2 Viscosities of eutectic ILs 50 °C in comparison with other
solvents

Solvent Viscosity at 50 °C (mPa s) Ref.
Glycerol 152 25
[BMIM][Tf,N] 49 at25°C 20
Choline chloride/urea (1:2) 120 “
Choline chloride/glycerol (1 :2) 79 “
Choline acetate/glycerol (1:1.5) 93 “
Choline acetate/glycerol (1 :2) 80 “

“determined in this study using the Cannon-Fenske Routine (CFR)
viscometer at 50 °C, with benzyl alcohol as reference (2.76 mPa s at
50°C).»

of choline acetate/glycerol is close to the 1:1.5 molar ratio
(i.e., at the lowest observed T, of 13 °C). The melting points
of other eutectic ILs based on cholinium salts range from 13-
23 °C. However, we observe that these eutectic mixtures remain
viscous liquids at temperatures as low as —20 °C. The DSC scans
gave no evidence for a freezing exotherm on the cooling segment,
suggesting that these eutectics exist as stable supercooled liquids
at sub-ambient temperatures. It has been shown that many ILs
(including imidazolium, ammonium, and pyridinium salts) exhibit
substantial supercooling, with freezing points typically 40-60 °C
lower than the corresponding melting points.**=** The supercooling
phenomenon makes the precise and reliable determination of IL
freezing and/or melting points a particular challenge.*® Currently,
most studies of eutectic ILs are based on the direct observation of
their freezing points (77),'*'*!" and relatively few make use of DSC
to measure 7', or 7.7 Based upon the visual onset of freezing,
the eutectic composition of both choline chloride/urea (7 =
12 °C)" and choline chloride/glycerol (T near —40 °C)"** is 1 : 2.
Relying on the DSC measurements, Morrison et al*” observed
that the choline chloride/urea system also forms a deep eutectic at
the same 1:2 molar ratio, which showed a T, of 17 °C. Our DSC
results (Fig S1,7 panel a) indicate this ionic mixture has a T, of
13°C.

Viscosity is another important property of eutectic ILs. As
shown in Table 2, choline chloride/urea (1 : 2) has a high viscosity
of 120 mPa s at 50 °C and choline acetate/glycerol (1:1.5) has a
lower viscosity of 93 mPa s, whereas both choline chloride/glycerol
(1:2) and choline acetate/glycerol (1 :2) have considerably lower
viscosities (~80 mPa s at 50 °C). These viscosities are roughly half
that of glycerol (152 mPa s at 50 °C),* although they are still higher
than the viscosity of [BMIM][Tf,N] (49 mPa s at 25 °C),? for
example. Clearly, choice of H-bond donor is crucial to achieving
a low solvent viscosity. Fig. 1 illustrates the influence of choline
acetate/ glycerol molar ratio on the viscosity of the resulting ionic
mixture. The lowest viscosity (80 mPa s at 50 °C) was observed for a
1 :2molar ratio, whereas the eutectic composition was determined
tobe 1:1.5. Thisis consistent with literature observations pointing
to the fact that the lowest viscosity often occurs in the vicinity of
eutectic composition, but not necessarily precisely at the eutectic
point."” The advantages of using glycerol as the H-bond donor
in forming eutectic ILs include its low toxicity, biodegradability,
and rich availability (glycerol is a by-product of soap-making and
biodiesel synthesis). Therefore, eutectic systems such as choline
chloride/glycerol and choline acetate/glycerol will be inexpensive
at large scales, renewable, and biodegradable. These are key
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Viscosity (mPa s) at 50 °C

O T T T
1:1 1:1.5 1:2 1:3

Glycerol

Choline acetate/glycerol molar ratio

Fig. 1 Effect of component molar ratio on the viscosity of the choline
acetate/glycerol mixture at 50 °C.

considerations when seeking to scale up enzymatic processes, such
as biodiesel production, in commercial settings.

Evaluating lipase activity and selectivity in eutectic ILs

The model reaction selected to evaluate lipase activity in ILs
involves the transesterification of ethyl sorbate with 1-propanol
catalyzed by Novozym® 435. There are several reasons behind
choosing this particular model reaction:** (1) sorbate esters and
sorbic acid have high extinction coefficients, and thus are both
detectable at low concentrations by HPLC using UV detection
(258 nm; Fig. S2t); this allows the substrate ethyl sorbate to be
used in low concentrations; (2) this reaction is moderately fast
and is suitable for collecting reaction rates; (3) our recent studies
suggest that Novozym® 435 is capable of releasing traces of sorbic
acid and sorbate ester into organic solvents and ILs;? the impact
of such migration on the reaction rate can be easily accounted
for in our model system using appropriate controls. On the other
hand, this enzymatic reaction is very sensitive to the water content.
As shown in Fig. S4 of the ESL,{ a small amount of water (as
little as 0.4 vol%) causes an appreciable amount of hydrolysis
of ethyl sorbate into sorbic acid in #-butanol, and the hydrolysis
rate increases considerably with increased water content to 1.0
vol% and beyond. Therefore, the water content in this model
transesterification reaction is a critical factor in controlling the
reaction selectivity. This is firmly supported by data summarized
in Table 3. Certainly, CALB shows lower selectivities toward the
synthetic product (propyl sorbate) in ILs 5-8 at the higher water
content (1 vol%). Additionally, eutectic ILs based on cholinium
salts are far more hygroscopic than conventional ‘hydrophobic’
ILs. As illustrated by Fig. 2, the equilibrium water contents
resulting from exposure to humid laboratory air for 24 h at 50 °C
range from 3.5-6.0 wt% for the eutectics whilst two common
[Tf,N-]-based ILs yield far lower water contents (<0.20 wt%).
In addition, the 1:2 choline acetate/urea system is considerably
more hygroscopic than the other eutectic mixtures. Both the type
of cholinium salt and the H-bond donor appear to influence the
hygroscopic nature of these ionic mixtures. Fortunately, choline
acetate/glycerol (1:2 or 1:1.5) is less hygroscopic compared with
the two urea-based eutectic mixtures. Through extensive drying

Table 3 Activity and selectivity of Novozym® 435 in different solvents
(1.0 v% water, except where otherwise noted)*

Initial activity

Solvent (umol min™ g™')  Selectivity

2 t-butanol 0.57 >99%
t-butanol (0.28 vol% water) 0.74 >99%

3 1-propanol 0.10 >99%

4 Glycerol 0.71 38%

5 [BMIM][Tf,N] 0.47 91%
[BMIM][Tf,N] (0.07 vol% water)  0.84 >99%

6 [Me(OEt);-Et;N][Tf,N] 0.76 84%
[Me(OEt),-Et;N][Tf,N] (0.43 0.53 >99%
vol% water)

7 [Me(OEt);-Et-Im][Tf,N] 0.49 83%
[Me(OEt),-Et-Im][Tf,N] (0.18 0.75 92%
vol% water)

8 [Me(OEt);-Me-Et-Im][Tf,N] 0.63 61%
[Me(OEt);-Me-Et-Im][Tf,N] 1.08 89%
(0.42 vol% water)

9 Choline chloride/urea (1:2) 1.00 >99%

10  Choline chloride/glycerol (1 :2) 1.12 45%

11  Choline acetate/urea (1:2) 0.21 40%

12 Choline acetate/EG (1:2) 0.07 12%

13 Choline acetate/glycerol (1:1.5) 1.02 99%

14  Choline acetate/1-propanol 0.040 >99%
(1:1.5)

“ The reaction assay involved enzymatic transesterification of ethyl sorbate
and 1-propanol. ®* EG = ethylene glycol.

7.00%
6.00% -
5.00% -

5.88%

4.13% 3.93%

4.00% - 3.57%
3.00% A
2.00% A

Equilibrium water content (wt%)

Fig.2 Water levels (wt%) present within the various IL systems following
equilibration for 24 h at 50 °C in a humid environment (relative humidity
of 64% at 20 °C) under gentle agitation; water contents were determined
via Karl Fischer coulometric titration at 20 °C.

over P,Os, we were able to control the water content in these
eutectic ILs to within £1 vol%.

The model reaction involves the competitive attack on the
rapidly-formed acyl-enzyme intermediate by different nucle-
ophiles: (i) exclusive reaction with 1-propanol (present in 134-
fold molar excess over ethyl sorbate) leads to the formation of
propyl sorbate as the desired transesterification product; (ii) ethyl
sorbate hydrolysis by water molecules results in the formation
of sorbic acid; and (iii) nucleophilic attack by other alcohols
(such as glycerol or ethylene glycol) present in eutectic ILs may
form other sorbate esters as by-products. For this reaction, we
define the lipase selectivity by dividing the yield of propyl sorbate
by the conversion of ethyl sorbate. Since CALB (in particular,
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Novozym® 435) is known to be active in anhydrous organic
solvents, we intentionally dried all solvents and enzymes over P,Os
to minimize the thermodynamic water activity (a,). The water
content was typically controlled to within 1 vol%. Meanwhile,
Gorke et al.™® have suggested ethylene glycol to be roughly an
order of magnitude less reactive than 1-butanol, and glycerol to
be over 600-fold less reactive than 1-butanol during the CALB-
catalyzed transesterification of butyl valerate with 1-butanol in
eutectic ILs prepared from choline chloride/ethylene glycol (EG)
or choline chloride/glycerol. Therefore, the main competition in
the transesterification of ethyl sorbate with 1-propanol is likely to
be simply the hydrolysis of ethyl sorbate.

On the basis of this model transesterification reaction, we
examined the activity and selectivity of Novozym® 435 (see
Table 3) in some organic solvents (2-4) as well as conventional
hydrophobic ILs (5-8, see Scheme 1), each containing a small
known fraction of water. Based on previous work from our group
and others,??**## we know these ILs to be highly compatible
with hydrolase activity. In the absence of CALB, no appreciable
extent of hydrolysis nor transesterification occurred in any solvent.
Careful examination of the entries in Table 3 reveals that CALB
exhibited moderately high initial rates (0.47-0.76 umol min™ g™')
in 7-butanol (2), glycerol (4) and ILs 5-8, each containing 1.0 vol%
water. However, Novozym® 435 was poorly active in 1-propanol
(3) (0.10 pmol min™ g™'), suggestive of substrate inhibition in this
system. Meanwhile, CALB showed high selectivities of 83-99% in
most of these solvents studied (i.e., 2, 3, 5-7) at a water content
of 1.0 vol% or below, indicating minimal impact of side reactions.
Notably, however, in glycerol (4) containing 1 vol% water, the fairly
high activity was accompanied by a poor selectivity of only 38%.

Alongside these results, Table 3 also includes activity and
selectivity assessments for Novozym® 435 in several eutectic ILs.
We find that lipase exhibits poor activity (0.07-0.21 pmol min™" g™")
paired with low selectivity (12-40%) in choline acetate/urea
(1:2) (11), and choline acetate/ethylene glycol (1:2) (12). On
the contrary, high initial rates (1.00 to 1.12 pmol min™ g')
were observed in choline chloride/urea (1:2) (9), choline chlo-
ride/glycerol (1:2) (10), and choline acetate/glycerol (1:1.5) (13).
These activities were considerably higher than those obtained
in t-butanol (2), glycerol (4), and ILs 5-8 at the same water
loading. It is, however, remarkable how widely the selectivity
varies in the different eutectic systems. Whereas a selectivity of
over 99% was achieved in the cases of eutectic ILs 9 and 13,
it was quite low (12-45%) for the remaining eutectics. Notably,
the initial rate in choline acetate/1-propanol (1:1.5) (14) was
only 0.040 umol min™ g'. As discussed earlier, the lipase is
likely inhibited by high concentrations of the substrate 1-propanol
(see entry 3 in Table 3). In any event, this direct comparison
accentuates the potential attraction of employing glycerol in
eutectic formulations applied to biocatalysis. Meanwhile, it is
important to appreciate the fact that the hydroxyl group in
the cholinium cation can hypothetically participate in enzymatic
transesterification by providing a competing nucleophile. Along
these lines, Falcioni er al* observed that hydroxyl groups in
diethanolammonium chloride were reactive during the subtilisin-
catalyzed transesterification of N-acetyl-L-phenylalanine methyl
ester and l-propanol. Our GC-MS analyses (Fig. S5 in ESIY),
however, rule out cholinium propyl ester or glycerol propyl ester
as significant by-products.

Overall, the best combination of high activity with mainte-
nance of good selectivity for CALB happens in the choline
acetate/glycerol (1:1.5) eutectic system (13). However, it is
instructive to examine the lipase activity at additional stoichiome-
tries of this mixture, in light of the fact that glycerol is a by-
product during biodiesel synthesis. As illustrated in Fig. 3, the
initial activity increases with the relative amount of glycerol in the
mixture, although a 1:1.5 molar ratio yields the highest overall
selectivity. A probable explanation is that higher proportions of
glycerol reduce the molar concentration of acetate in the eutectic
mixture, an ion known to cause enzyme destabilization when
present at high levels.”
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Fig. 3 Effect of the molar ratio of choline acetate to glycerol on lipase
activity and selectivity (conditions: 1.0 mL IL, 5 mM ethyl sorbate, 0.67 M
1-propanol, 20 mg Novozym® 435, 1.0 vol% water, 50 °C). Samples
were periodically withdrawn for HPLC analysis during the initial hour
of reaction.

A further stability study (see Experimental for procedures)
indicated that Novozym® 435 maintained 92% of its activity after
48 h of pre-incubation in choline acetate/glycerol (1:1.5), and
maintained 50% of its activity after 168 h of pre-incubation.
Although preliminary, these results clearly suggest that eutectic
ILs of this sort are minimally destructive to protein structure.

Fluorescence and CD spectroscopic methods were previ-
ously employed to interpret conformational changes of o-
chymotrypsin**” and CALB*** dissolved in hydrophobic ILs
(e.g., [EMIM][Tf,N] and [BuMe;N][Tf,N]), as well as lysozyme,*
chymotrypsin and subtilisin* in hydrophilic alkylammonium ILs.
However, our fluorescence measurements conducted in choline ac-
etate/glycerol (1:1,1:1.5,and 1 : 2) indicated complete quenching
of intrinsic tryptophan (Trp) residues in CALB (data not shown).
Similar observations have been recently reported by our group
(CALB in ILs)* and others (proteases in [MMIM][Me,PO,]*
and cellulase in ILs*"). Although this occurrence might easily be
misinterpreted as being due to denaturation, various amines and
quaternary ammoniums are, in fact, well known as quenching
agents."* Indeed, alkylpyridinium ions find frequent use as
quenchers to assess micellar aggregation numbers.>® Thus, while
the exact mechanism remains unclear, this observation is not
altogether surprising. Possible scenarios involve photoinduced
electron transfer from tryptophan to the IL cation,” exciplex
formation, and inner filter effects arising from overlapping IL
optical absorption and Trp emission.’*%’

This journal is © The Royal Society of Chemistry 2011
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Biodiesel synthesis from model triglycerides in eutectic ILs

Taken together, the attractive properties (i.e., low cost, renewabil-
ity, good fluidity, biodegradability, biocompatibility) of these novel
eutectic systems based on combining choline acetate with glycerol
emerge as particularly promising solvents for performing biocatal-
ysis. To examine the utility of this eutectic IL in a more targeted
application, we examined the enzymatic synthesis of biodiesel from
the model lipid Miglyol® oil 812, a mixture of triglycerides of
caprylic acid (Cy) and capric acid (Cy,). This selection was made
due to the fast reaction rate of triglycerides composed of short-
chain fatty acids, and for its well-known composition, allowing
for a straightforward analysis. The Miglyol® oil 812 is composed
of four major triglycerides with the following distribution: C;C;Cy
(24.0%), CsC4Cyy (43.3%), C5C,4Cyp (26.9%), and C,,C,,Cyo (5.8%)
based upon HPLC analysis.® The enzymatic transesterification of
Miglyol® oil with methanol catalyzed by Novozym® 435 involves
the competition between transesterification synthesis of biodiesel
and enzymatic hydrolysis of triglycerides into fatty acids in the
presence of water.

In order to begin evaluating the choline acetate/glycerol eutectic
IL in biodiesel conversion, we first examined the impact of
the initial molar ratio of choline acetate to glycerol on the
Novozym®-catalyzed conversion of Miglyol® oil into the corre-
sponding methyl alkanoates. As shown in Fig. 4, 1:1.5 choline
acetate/glycerol gave the highest conversion of 82% after 1 h.
In comparison, the 1:1 and 1:2 mixtures showed lower total
conversions of 19% and 67%, respectively. Our rationalization of
this behavior is as follows. Within 1:1 choline acetate/glycerol,
acetate anions are able to strongly engage in H-bonding with
the enzyme surface, inducing lipase inactivation. The increase
in relative glycerol content alleviates these negative interactions
to some extent, however, when glycerol is present in a larger
excess, as in the 1: 2 choline acetate/glycerol system, the reaction
equilibrium shifts unfavorably for the reason that glycerol is a
by-product of biodiesel synthesis. In keeping with this viewpoint,
the transesterification reaction of Miglyol oil conducted in pure
glycerol as the solvent saw a further lowered yield to 55% after 1 h
of reaction (Fig. 4). A similar conversion efficiency was observed
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Fig. 4 Effect of initial molar ratio of eutectic ILs on the conversion of
Miglyol® oil (reaction conditions: 1.0 mL eutectic IL, 0.11 g Miglyol® oil,
200 uL methanol, 30 mg dried Novozym® 435, 1.0 vol% water, 50 °C, 1
h). ChOAc denotes choline acetate.

in the 1:2 choline chloride/glycerol eutectic. Based upon this
preliminary screening, subsequent studies focused on the use of
1:1.5 choline acetate/glycerol as the eutectic solvent system for
testing biodiesel synthesis from Miglyol® oil.

Having selected the 1:1.5 choline acetate/glycerol system for
more detailed analysis, we studied the effects of methanol concen-
tration and water content on the transesterification of Miglyol®
oil. Fig. 5 reveals that the optimum methanol concentration
is about 20 vol% methanol in 1:1.5 choline acetate/glycerol,
achieving a conversion of 82% in 1 h. As expected, higher methanol
concentrations led to inactivation of Novozym® 435; in particular,
the reaction in pure methanol resulted in a mere 20% conversion
into the monoesters. The overall conversion in this case is a
convolution of several offsetting factors: (1) higher concentrations
of methanol induce additional lipase inactivation, (2) a higher
concentration of methanol lowers the acetate concentration, which
is beneficial to lipase stabilization, and (3) a higher methanol
concentration also decreases the medium viscosity, which may
reduce hindrance in substrate transport. Therefore, the optimal
methanol concentration must balance these factors. Since CALB
is known to be active in dried conditions,’** the addition of water
to the transesterification reaction showed a slightly deteriorative
effect on the Miglyol® conversion (82% at 1.0 vol% water
compared to 68% at 2.1 vol% water). Therefore, no additional
water beyond 1.0 vol% was employed in subsequent reactions.
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Fig. 5 Effect of methanol concentration on the conversion of Miglyol®

oil (reaction conditions: 1.0 mL choline acetate/glycerol (1:1.5), 0.11 g

Miglyol® oil, various amounts of methanol, 30 mg dried Novozym® 435,
1.0 vol% water, 50 °C, 1 h).

Based on the optimal reaction conditions established (choline
acetate/glycerol 1:1.5, 20 vol% methanol, 1.0 vol% water, and
Novozym® 435), we examined the reaction progress of enzymatic
transesterification of Miglyol® oil and methanol (Fig. 6). The
reaction was very rapid in the eutectic IL, with 97% conversion
achieved after 3 h. The slight decrease in conversion beyond 3 h
is tentatively attributed to possible enzymatic glycerolysis in the
presence of excess glycerol during the extended reaction period.
In contrast, the same reaction in conventional ILs requires 24—
96 h to reach completion (up to 70% in 1 h). The fast reaction
rate in eutectic ILs is attributed to the high compatibility of these
solvents with the lipase enzyme. An additional benefit is derived
from the fact that biodiesel is only partially soluble in eutectic ILs,
simplifying product separation.
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Fig. 6 Time course for the enzymatic transesterification of Miglyol® oil
under these optimized conditions: 1.0 mL choline acetate/glycerol (1:1.5),
0.11 g Miglyol® oil, 200 pL methanol, 30 mg dried Novozym® 435, 1.0
vol% water, and 50 °C.

Conclusions

We report on the synthesis and exploration of novel, inexpensive,
and biodegradable eutectic mixtures based upon choline acetate
coupled with glycerol as hydrogen-bond donor species. These
emergent ionic solvents are considerably less viscous than those
derived from choline chloride and urea, and are capable of main-
taining high biocatalytic properties of CALB. We find these new
eutectic ILs to be suitable solvents for the enzymatic transesterifi-
cation of triglycerides with methanol. Under optimal conditions,
high conversions (82-97%) of Miglyol® oil were achieved within
1-3 h using Novozym® 435 in choline acetate/glycerol (1:1.5).
These highly encouraging results suggest that eutectic ILs based
on cholinium salts and glycerol merit further consideration as
‘green’ solvents for the enzymatic preparation of biodiesel, among
other areas. Future studies in our groups will explore the enzymatic
conversion of long-chain fatty acid triglycerides, such as vegetable
oils and algae biomass, using these promising eutectic fluids.
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