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The property of a variety of ionic liquids (ILs) as reaction media was evaluated for
the production of biodiesel by enzymatic methanolysis of rapeseed oil. The IL
Ammoeng 102, containing tetraaminum cation with C;g acyl and oligoethyleneglycol
units, was found to be capable of forming oil/lIL. biphasic reaction system by mixing
with substrates, which is highly effective for the production of biodiesel with more
than 98% biodiesel yield and nearly 100% conversion of oil. Conductor-like screening
model for real solvent (COSMO-RS) in silico prediction of substrate solubility and
simulation of partition coefficient change vs. reaction evolution indicated that the
amphiphilic property of Ammoeng 102 might be responsible for creating efficient inter-
action of immiscible substrates; while big difference of partition coefficients of gener-
ated biodiesel and glycerol between the two phases suggests a large chemical potential
to move reaction equilibrium for maximum oil conversion and yield of target biodiesel.
The reaction behavior and specificity of oil/IL biphasic system for enzymatic produc-
tion of biodiesel were theoretically delineated through COSMO-RS computation with
experimental validation. © 2010 American Institute of Chemical Engineers AIChE J, 57:
1628-1637, 2011
Keywords: biodiesel, ionic liquids, Candida antarctica lipase B, biphasic system,
partition coefficient, conductor-like screening model for real solvent

Introduction

P T T ) . . . . The use of biodiesel (normally referred to as monoalkyl
Additional Supporting Information may be found in the online version of this

article. esters of long-chain fatty acids derived from oils and fats)
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environmental concern and unsustainable availability of pe-

© 2010 American Institute of Chemical Engineers troleum oil. Biodiesel does have significant advantages for
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Scheme 1. Schematic representation of enzymatic production of biodiesel in Ammoeng 102 (A) and phasic behav-

iors during the reaction evolution (B).

this situation: renewability (emitted CO, is recycled from
the atmosphere to produce biomass), biodegradability, and
improved exhaust emissions.'* Although biodiesel has been
successfully produced from oil and fat feedstock in large
scale using chemical catalysts,3_5 there are several associated
problems such as high-energy requirements, difficulties in
the recovery of catalyst and glycerol, and environmental impact
from the postprocessing of generated wastes. Nowadays, bioca-
talysts are gaining more attention and have the potential to out-
perform chemical catalysts for biodiesel production in the
future. Lipase-catalyzed esterification or/and transesterification
with methanol represents promising alternates that might avoid
those technical problems existing in chemically catalyzed reac-
tions.”® To learn related reaction behaviors and develop practi-
cal technology, extensive studies, with respect to development
of enzyme preparations, kinetic delineation, and processing
technology, have been conducted by a few groups.g_11
Although there exist technical problems, such as enzyme inac-
tivation by methanol, immiscibility of methanol and oil leading
to lower reaction rate and incomplete conversion to biodiesel
remained to be explored for enzymatic approaches. To this
end, some approaches like successive addition of methanol and
use of alternative alcohol donors have been proposed.lz’13
However, the attempts for a better understanding of the reac-
tion behaviors and a more efficient approach are still on going,
among which application of ionic liquids (ILs) represents one
important respect of those efforts.'*!>

Recently, ILs as a nonconventional solvent are becoming
increasingly attractive because of their specific physicochem-
ical characteristics, their ability to dissolve wide range of
substrates, and the ease in fine tune as designer solvents.'®!’
The attempts that use ILs for biodiesel production include
the synthesis of novel IL-based Brgnsted acids used as cata-
lyst for esterification'® and transesterification'® and as a car-
rier (support) of metal catalysts to create homogeneous cataly-
sis and facilitate catalyst recycling.?® Few reports also
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involved the use of ILs as reaction media®"?*> and also as

lipase support'® for lipase-catalyzed biodiesel production,
which demonstrated the possibility and some specificities of
IL-mediated reaction for biodiesel production. The enzyme/IL
combinations were shown to exhibit somehow synergistic
effect that enhances the activity and durability of the catalytic
system; moreover, ILs as enzyme support proved to generate
more stable and active catalysts for various enzymes.'> How-
ever, to explore the enormous possibilities and fulfill the tre-
mendous potentials of ILs, especially in theoretical under-
standing and description of phasic behavior as well as the
interaction of substrates, enzyme, and media in IL-based bio-
diesel production system, more investigations are imperative.
In this work, we investigated the potential of a special class
of Ammoeng series ILs, representing acyclic ammonium salts
that contain cations with alkyl or acyl substituents and oligoe-
thyleneglycol units of different chain length, for biocatalytic
production of biodiesel. For comparison, the enzymatic reac-
tions in other 19 types of ILs with differing cations and
anions were preliminarily evaluated. The focus of this work is
centered on a systematic investigation and characterization of
two promising IL [Ammoeng 102 (Scheme 1) and Ammoeng
120]-mediated enzymatic production of biodiesel. The reac-
tion characteristics, phasic behaviors, and possible mechanism
accounting for excellent oil conversion and biodiesel yield
were delineated with the assistance of conductor-like screen-
ing model for real solvent (COSMO-RS) in silico prediction.

Experimental
Materials

Lipozyme TL IM (Thermomyces lanuginosa), Lipozyme
RM IM (Rhizomucor miehei), and Novozym 435 (Candida
antarctica lipase B) lipases were kindly provided by Novo-

zymes A/S (Bagsvaerd, Denmark). Rapeseed oil was
obtained from Aarhus United (Aarhus, Denmark), and
Published on behalf of the AIChE DOI 10.1002/aic 1629



triolein with 90% purity was purchased from Dr. Frischer
GmbH (Bremen, Germany). Methanol (>99% purity) and
other solvents were purchased from Sigma-Aldrich (St. Louis,
MO) and were used without further purification. Fatty acid
methyl esters used as standards were procured from Sigma
Chemical (St. Louis, MO). The ILs used are BMIM-BF,,
BMIM:PF,, OMIM-BE,;, OMIM-PFs, BMIM-CF;SO;, MeEt-
Py-C4F9SO;3, MeOcPy-BF,;, tOMA-Tf,N, MeBuPyo-N(CN),,
HMIM-Cl, DMIM-DMP, EMIM-MDEGSO,, EMIM:OctSOy,,
MeBuPy-N(CN),, ETDAA-EtSO,, BMPyo-Tf,N, EMIM-OTs,
and EMIM-Et,SO,4, and Ammoeng 100, 111, 102, 112, and
120 were procured from Solvent Innovation (Cologne, Ger-
many). tOMA-TFA was obtained from Merck (Darmstadt,
Germany). The full name and molecular structure of the ILs
are available in the Supporting Information. All other chemi-
cals were of analytical reagent grade.

General procedure for biodiesel production

The enzymatic transesterification was conducted in a
10-mL screw-capped bottle and thermostated by water bath
at 50°C. A mixture of rapeseed oil (0.882 g, 1 mmol), IL or
t-butyl alcohol (0.50 g), and methanol (0.160 mL, 4 mmol)
were kept under agitation by magnetic stirring at 300 rpm
under heating in water bath at 50°C for 10 min for equilibra-
tion. The reaction was then initiated by the addition of
Novozym 435 (0.05 g, 5 wt % of oil) and continued for
desired time. For solvent-free system, rapeseed oil (0.882 g,
1 mmol) and Novozym 435 (0.05 g, 5 wt % based on oil
weight) were placed in a 15-mL screw-capped vial, followed
by adding methanol. To decouple the effects of water con-
tents in different ILs, 24 kinds of commercial ILs to be
screened were dried by applying vacuum of 1 mm Hg at
50°C for 8 h and its water content was measured with Karl
Fischer titration. Then all ILs were adjusted to the same
water content 1.5% (wt %) by adding a certain amount of
water based on the calculation of mass balance, respectively.
(If no statement elsewhere, the water content adjustment was
only applied in IL screening reactions. In all other reactions,
the ILs was used as received). The conditioned ILs was used
for conducting enzymatic methanolysis as above described
for a typical reaction. For the comparison of fatty acid
methyl ester (FAME) production in 24 kinds of ILs, a con-
trol transesterification reaction in fert-butyl alcohol adjusted
to the same water content 1.5% was carried out under the
identical conditions. From this screening study, two promis-
ing ILs, i.e., Ammoeng 102 and Ammoeng 120, were
selected and used for further optimization of methanol, IL,
and enzyme concentration on the production of biodiesel.
The reactions were monitored by thin layer chromatography
(TLC), and 20 pL of samples were withdrawn while stirring
at desired intervals and dissolved in 1 mL of chloroform/
methanol (1:1, v/v) mixture and analyzed by TLC with flame
ionization detector (TLC-FID).*

All reactions are conducted in duplicates, and the means
of the two determinations are used for evaluation.

TLC-FID analysis

Twenty microliter of the reaction mixture was taken at
time intervals and was used for analysis of the composition
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of triacylglycerols (TAGs), diacylglycerols (DAGs), free
fatty acids (FFAs), and FAMEs by TLC-FID (Iatroscan MK-
5, Iatron Laboratories, Tokyo, Japan).24 The sample was dis-
solved in chloroform/methanol (1:1, v/v) at the concentration
of 1% (vol %). The solution (5 pL) was spotted on a silica
gel rod, and the components were developed with a mixture
of hexane/diethyl ether/acetic acid (60.2:6.7:0.134, v/v/v) for
35 min and then with a mixture of n-hexane/diethyl ether/
acetic acid (45:25:1, v/v) for 5 min. Standard mixture of
FAME/TAG/FA/DAG/MAG was used as the standard for
identifying the peaks. Quantification of all the components
was calculated based on the peak area percentage. The for-
mation of FAME was also confirmed by TLC using 10%
EtOAc in hexane as developing solvent. Then the spots on
the TLC plate were visualized under UV lamp after spraying
with 2,7-dichlorofluoresene in ethanol (2 g/L) as spray rea-
gent.

Model processing and calculation of partition
coefficients with COSMO-RS

COSMO-RS integrates concepts from quantum chemistry,
dielectric continuum models, electrostatic interactions, and
statistical thermodynamics and extends to real solution sys-
tem.” As a physically sound in silico approach, COSMO-RS
is capable to correctly describe complex solvation behaviors
in a real solvent system qualitatively and quantitatively or at
least semiquantitatively.”® With theoretical documentation
and evaluation of many COSMO-RS practical performance,*’
COSMO-RS represents one of the most efficient models to
delineate complicated and simultaneously occurred multiple
interactions of substrates, products, and solvent in ILs, and
therefore, it is used here to predict and simulate partition
behaviors of products between oil and IL phases and to
uncover the thermodynamic reasons behind the unique reac-
tion behaviors of enzymatic production of biodiesel in ILs.

The molecular structures of cations of Ammoeng series of
ILs and glycerides were sketched as two-dimensional struc-
tures and subsequently converted to three-dimensional geo-
metries using Chemdraw Ultra 8.0. The energy of molecular
conformations was minimized by Molecular Orbital PACk-
age 2000. The COSMO calculations were performed with
the TURBOMOLE 5.7 program package on the density func-
tional theory level by using the BP (B88-VWN-P86) func-
tional with a triple-{ valence polarized basis set (TZVP).
The partition coefficients of solute i between oil and IL
phase at infinite dilution (P™O") are direct results of COS-
MOtherm calculations® %

log,o(PI~) = log,q [exp((uf™ — ™) /RT) - (Vou/ViL)]
(1)

where pP and 1™ are the chemical potential of solute 7 in oil
and IL phase, respectively; R is the gas constant and T is the
temperature input for computation. The volumes of oil and IL
are estimated as the volume sum of components in each phase,
respectively. All COSMO-RS calculations of activity coeffi-
cients and solubilities are performed using COSMOthermX
program (COSMO/logic GmbH & Co KG, Leverkusen,
Germany). The latest parameterization BP_TZVP_C21_0108
was used to achieve the best prediction quality.
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Table 1. Dependency of Biodiesel Production on the Properties of Media*

+

Entry Medium? MG (wt %) DG (wt %) TG (wt %) Conversion of TG (mol %)% Yield of Biodiesel (wt %)
1 BMIM-BE, 0.47 £ 0.10 0.07 £ 0.01 97.04 £ 0.63 3.89 £ 0.76 232 +£0.21
2 tOMA-Tf,N 1.59 £ 0.07 0.18 £ 0.02 61.28 £+ 3.11 38.50 £ 2.24 36.81 £ 2.13
3 Ammoeng 100 0.86 + 0.24 0.21 + 0.01 78.81 £+ 3.56 21.25 £2.86 19.67 £ 2.16
4 Ammoeng 102 0.79 £ 0.17 0.21 £ 0.02 0.96 £ 0.21 99.04 + 1.35 97.66 £+ 1.17
5 Ammoeng 111 0.15 £ 0.04 0.11 £ 0.02 96.83 £ 0.57 2.69 + 0.14 228 £0.14
6 Ammoeng 112 3.54 £ 0.31 342 +£0.34 85.69 £ 2.60 14.38 £ 1.06 6.33 £ 0.85
7 Ammoeng 120 2.14 + 0.14 0.38 + 0.03 225 +£0.35 98.51 £ 2.14 93.39 £ 1.77
8 DMIM.DMP 2.54 £0.22 1.82 £ 0.13 77.86 £ 1.47 21.78 £ 1.19 16.47 £ 0.42
9 tOMA-TFA 21.62 + 1.21 13.89 + 0.64 17.89 £ 1.47 82.97 £ 3.27 44.79 £+ 2.28
10 t-Butyl alcohol 11.83 £ 1.54 323 +£0.22 0.55 £ 0.02 99.17 £ 0.37 80.85 + 2.51

*Typical reaction conditions: 1 mmol rapeseed oil (0.882 g) is mixed with 0.5 g ionic liquid (or #-butyl alcohol) and 4 mmol methanol (0.128 g) in a 15-mL-
capped vial thermostated at 50°C. All media were adjusted to the same water content of 1.5% (wt %) before being applied for reaction. The reaction is initiated
by the addition of 50 mg Novozym 435 and kept on running for 24 h with magnetic agitation at 300 rpm. The reaction is monitored by periodical sampling and
TLC-FID analysis. Area percentage used as weight of analyte is used for result evaluation. The data reported are means + standard deviations of duplicate
determinations.

“In BMIM-PF4-, OMIM-BF,-, OMIM-PFs-, BMIM-CF5SO5-, MEPy-C4FoSO;3-, MeOcPy-BF,-, MBPyo-N(CN),-, HMIM-Cl-, EMIM-MDEGSO,-, EMIM.-OctSO,-,
MBPy:N(CN),-, ETDAA-EtSO,4-, BMPyo-Tf,N-, EMIM:OTs-, and EMIM:EtSO,-mediated reactions, the conversion of oil was lower than 2% or no reaction was

observed. Hence, the data are not shown.

q?The molecular structures of the ionic liquids used here are available in the Supporting Information.
SMolar conversion of triglyceride (TG) is defined as the percentage of deformed TG of the initial TG concentration. The calculation is based on the mass bal-
ance of TG and converted acyl groups. Biodiesel, MG, FFA, and DG are thus treated as 1/3, 1/3, 1/3, and 2/3 of TG unit in the calculation, respectively.

Measurement of the distribution of glycerol and
biodiesel in oil and IL phase

To validate the COSMO-RS-predicted partition coeffi-
cients of biodiesel and glycerol between oil/IL phases, 1
mmol triolein and 3 mmol methanol were mixed with 1
mmol Ammoeng 102 and 120, respectively. The reaction
was initiated with the addition of 50 mg Novozym 435 and
monitored with periodical sampling. The sample of reaction
mixture was centrifuged at 14,000 rpm for 30 min to allow
the components to reach distribution equilibrium between
oil/IL phases. Then, the oil and IL phase were sampled and
dissolved in methanol/chloroform (2/1, v/v), respectively.
Relative concentration of glycerol and biodiesel in oil or IL
phase was analyzed with Hitachi-Merck HPLC Series 7000
(Hitachi-Merck, Japan), conjugated with a PL-ELS 2100
evaporative light-scattering detector (ELSD; Polymer Labo-
ratories, Shropshire, UK), as previously described.”® The
reverse phase column used was Supelcosil LC-18 (250 mm
x 4.6 mm; Supelcosil, Bellefonte, PA). The ELSD was oper-
ated at an evaporating temperature of 30°C and a nebulizing
temperature of 30°C with air as the nebulizing gas. The
peaks were quantitated by reference to response curves gen-
erated with standards.

The reactions were conducted in triplicates. Means and
standard deviations of three determinations were used for
result evaluation. A better accuracy of HPLC analyses was
obtained with <3% standard deviations of triplicate meas-
urements.

Results and Discussion

Dependency of biodiesel production on the
properties of media

As illustrated in Scheme 1, enzymatic synthesis of bio-
diesel is a multistep reaction, starting from triglyceride
with stepwise release of fatty acid as the corresponding
ester form and ending up with glycerol. This fact indicates
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that the reaction could simultaneously stay in every stages
and biodiesel only represents one of the possible products.
Because of the same reason, reaction medium may play
more important role, at least theoretically, in the determi-
nation of the yield of a product by shifting reaction equi-
librium through their specific interaction with reactants, in-
termediate, and end products. Table 1 reveals part of the
results of Novozym 435 (Candida antarctica lipase B)-cat-
alyzed transesterification of rapeseed oil with methanol in
different solvents. Initially, a total of 24 kinds of ILs were
tested for biodiesel production and compared with the
reaction in zert-butyl alcohol under an identical condition.
However, as stated in Table 1, the attempts in 15 types of
ILs with variable cation and anion combination end up
with <2% of triglyceride conversion. The possible reasons
differ from case to case. Some ILs such as HMIM-CI and
EMIM-OTs inactivate enzymezg; while in other ILs such
as BMIM-PFg and OMIM-BF,, the IL itself might not
allow efficient interaction of property-differing reactants
(hydrophilic methanol and hydrophobic triglyceride). Sur-
prisingly, the results from Ammoeng 102 (97.66%) and
120 (93.39%) are very encouraging in terms of the yield
of biodiesel, which are much higher than in fers-butyl alco-
hol (80.85%; one of the most efficient conventional sys-
tems for biodiesel production'®?"). Another point worthy
to note is that for Ammoeng 102-mediated reaction, not
only high conversion of triglyceride (TG) but also remark-
ably low partial glycerides (monoglycerides, diglycerides,
and free fatty acid) allow the biodiesel preparation to
directly meet the specifications of European biodiesel
standards (in terms of ester content), without any further
processing.*’

A close inspection of the data in Table 1 reveals that
some reactions achieve similar conversion of TG but differ-
ent product profiles. For example, for tOMA-TFA-based sys-
tem with 82.97% converted TG produces only 44.79% bio-
diesel and the left is converted into diglyceride (DG)
(13.89%) and monoglyceride (MG) (21.62%; entry 9); while

DOI 10.1002/aic 1631
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Figure 1. Time course of enzymatic production of bio-
diesel from methanolysis of rapeseed oil in
Ammoeng 102 (A), Ammoeng 120 (B), and
tert-butyl alcohol (C).

Typical reaction conditions are the same as the description in
Table 1. The legends for glyceride components in the reac-
tion mixture are triglyceride (OJ), diglyceride (O), monogly-
ceride (A\), and biodiesel (@). The plotted data are means +
standard deviations (error bars) of two determinations.

for tOMAtf,N 95.6% of converted TG (36.81/38.50)
becomes biodiesel (entry 2). Similar observation appears
between Ammoeng 100 and 112, the former deforms
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92.56% of converted TG into biodiesel (entry 3) and the lat-
ter produce only 6.33% biodiesel of 14.38% converted TG
(entry 6). The results suggested that the reaction profiles
(conversion and selectivity) are strongly dependent on the
structure of ILs. The ILs with the same cation but differing
anions may Yyield different selectivity (herein referred as se-
lectivity toward biodiesel formation; entries 2 and 9). The
results in Table 1 also suggested that the reaction behaviors
of enzymatic alcoholysis in the ILs with differing cations
and anions cannot be simply ascribed to one single factor.
Because ILs represent most complex solvation system,
among which multisolvations (electrostatic, H-bonding, and
van der Waals interactions) occur simultaneously.>’ These
multiple but different solvations among different ILs might
interact with the reactants, intermediate, and end products,
leading to distinct reaction profile pertaining to respective
ILs. Unusually, different operation conditions sometimes
also yield different and even contrary results. For instance,
almost no reaction was observed in BMIM:PF4-mediated
reaction in our test (Table 1). However, Sunitha et al.?* used
higher IL dosage and methanol concentration and obtained
more than 95% biodiesel yield.

As well documented theoretically and experimentally by
Hailing,32 Zaks and Klibanov,* and Afflect et al.,** for non-
aqueous biocatalysis system, the water activity plays an im-
portant role in determining enzyme activity and reaction
rate. However, to control the water activity of an IL-medi-
ated system is a complicated issue and thus an intensive
study was not carried out to avoid missing its focus on
investigation of the effects of structural variations of ILs on
enzymatic production of biodiesel.

Characteristic reaction profiles in Ammoeng
102 and 120

Figure 1 shows the time courses of enzymatic production
of biodiesel in Ammoeng 102 (A), 120 (B), and #-butyl alco-
hol (C). The reactions in Ammoeng 102 and 120 achieve
significantly high biodiesel yield than in #-butyl alcohol at
12 h, even though the reaction in Ammoeng 102 undergoes
a lower initial rate.>> Another hallmark to differentiate these
three systems is their reaction profiles. Apparently, through-
out the reaction course, there are considerable amount of
monoglycerides and diglycerides in t-butyl alcohol system,
even when TG is almost consumed after 8 h. In Ammoeng
120 system, partial glycerides exist following reaction evolu-
tion but with a comparably low amount, leading to high final
yield of biodiesel. However, the sum of DG and MG content
in Ammoeng 102 system is always less than 2% throughout
the whole reaction course. This characteristic profile is
unique and preferable for biodiesel production, which sug-
gests that the system does not favor the accumulation of DG
and MG. This also indicates that there is an intrinsic impetus
to promote further degradation of the partial glycerides
derived from triglyceride, which needs further investigation.

To further understand the systems of Ammoeng 102 and
120, the effects of variable parameters have been examined
(Table 2). First, we evaluated the effects of the ratio of
methanol/triolein (entries 1-6) to see whether higher metha-
nol concentration results in improved yield of biodiesel or
leads to inactivation of lipase as observed in conventional

June 2011 Vol. 57, No. 6 AIChE Journal



Table 2. Effects of Important Parameters on the Production of Biodiesel in Ammoeng 102 and 120*

Methanol/TG IL Dosage Enzyme/ Biodiese;l Conversion of
Entry ITonic Liquid* T (°C) Time (h) (mol/mol) (wt % of Oil) Amount (g) (wt %)" TG (mol %)"
1 102 50 24 4:1 56.69 CAL B/0.05 98.62 + 1.21 99.24 + 0.34
2 102 50 24 6:1 56.69 CAL B/0.05 97.65 + 1.41 98.48 + 0.55
3 102 50 24 8:1 56.69 CAL B/0.05 98.87 + 0.79 99.53 + 0.28
4 120 50 24 3:1 56.69 CAL B/0.05 95.21 +2.03 99.35 + 0.51
5 120 50 24 4:1 56.69 CAL B/0.05 94.93 + 1.78 97.50 + 0.97
6 120 50 24 6:1 56.69 CAL B/0.05 51.15 + 3.92 5449 + 1.22
7 102 50 10 4:1 22.68 CAL B/0.05 69.04 £+ 4.15 69.69 + 1.75
8 102 50 10 4:1 45.35 CAL B/0.05 96.05 + 1.59 98.67 + 0.77
9 102 50 10 4:1 90.70 CAL B/0.05 99.05 £+ 0.88 99.34 + 0.53
10 120 50 10 4:1 22.68 CAL B/0.05 40.61 + 3.53 43.45 £ 1.76
11 120 50 10 4:1 45.35 CAL B/0.05 82.59 + 2.78 83.82 + 0.91
12 120 50 10 4:1 90.70 CAL B/0.05 88.07 + 1.83 98.37 + 1.15
13 102 50 10 4:1 56.69 CAL B/0.10 99.65 + 0.41 99.97 + 0.02
14 120 50 10 4:1 56.69 CAL B/0.10 99.52 + 0.39 99.97 + 0.03
15 102 50 8 4:1 56.69 CAL B/0.05 40.85 + 2.95 42.13 £ 1.99
16 102 60 8 4:1 56.69 CAL B/0.05 68.92 + 3.69 72.74 £ 1.65
17 120 50 8 4:1 56.69 CAL B/0.05 60.95 + 4.07 70.53 + 2.06
18 120 60 8 4:1 56.69 CAL B/0.05 29.47 + 2.79 32.70 + 1.18
19 102 50 24 4:1 56.69 CAL B/0.10 99.65 + 0.19 99.97 + 0.04
20 102 50 24 4:1 56.69 RM IM/0.10 22.32 + 1.68 62.41 + 1.23
21 102 50 24 4:1 56.69 TL IM/0.10 18.67 + 1.26 24.85 + 1.04
22 120 50 24 4:1 56.69 CAL B/0.10 99.52 + 0.36 99.97 + 0.09
23 120 50 24 4:1 56.69 RM IM/0.10 10.82 + 1.02 14.98 + 0.72
24 120 50 24 4:1 56.69 TL IM/0.10 2.93 + 0.57 6.53 + 1.11

*The other reaction conditions, unless stated in this table, are the same as in Table 1.
"Molar conversion of triglyceride (TG) is defined as the percentage of deformed TG of the initial TG concentration. The calculation is based on the mass bal-
ance of TG and converted acyl groups. Biodiesel, MG, FFA, and DG are thus treated as 1/3, 1/3, 1/3, and 2/3 of TG unit in the calculation, respectively. The

data reported are means + standard deviations of duplicate determinations.

solvents.'>'? The results demonstrated that in Ammoeng 120
increasing concentration of methanol does lead to the
decrease in either TG conversion or biodiesel yield (entries
1-3). However, for Ammoeng 102 at methano/TG ratio up
to 8, Novozym 435 still remains robust to produce excellent
TG conversion as well as biodiesel yield (entries 4-6). This
seems to indicate that the molecular structure of Ammoeng
102 might have some protective effect on enzyme activity,
which was also observed in other ILs with similar cationic
structure.*® For the case of methanol existence, the real rea-
son accounting for the protective effect from ILs has not
been clarified. It is suggested here that the end free OH
group in cation of Ammoeng 102 (Scheme 1) might partici-
pate in the “immobilization” of excessive methanol through
H-binding so as to alleviate the direct interaction of metha-
nol with the active site of lipase. Furthermore, the above
suggestion does not rule out but reclaim that the PEG struc-
tures in Ammoeng series ILs may provide the protective
effect on enzyme activity because they also contribute to the
formation of H-bonding with methanol as an acceptor.’’ >’
Lower dosage of ILs functioning as higher amount of con-
ventional solvents has been claimed as one of the advantages
of expensive ILs as a reaction medium.*” To clarity this
issue for biodiesel production, the effects of Ammoeng 102
and 120 dosages were examined at three levels (Table 2,
entries 7-12). The effects of dosage reduction for Ammoeng
120 are much significant, for example, TG conversion at 10
h is reduced from 83.82% to 43.45% when IL dosage is
decreased from 45.35% to 22.68% by oil weight. Contrarily,
Ammoeng 102 shows better “buffering capacity,” e.g., half-
reduced IL dosage only results in slight decrease of TG con-

AIChE Journal June 2011 Vol. 57, No. 6

Published on behalf of the AIChE

version and biodiesel yield (entries 8 and 9), and further
half-reduction results in 69% biodiesel yield after 10 h but
still being able to obtain more than 90% yield of biodiesel
after 24 h (data not shown). This result suggests that
Ammoeng 102 possesses this excellent property that many
other ILs and conventional solvents do not possess, which is
of great interest to reduce the total cost of IL-based systems.

Higher enzyme loading generally results in a faster total
reaction rate. The effect is also significant for the reactions
in Ammoeng 102 and 120 (Table 2, entries 13 and 14). The
yield of biodiesel in Ammoeng 102 after 10 h is increased
from 59.30% (Figure 1A) to 99.65% with Novozym 435
increasing from 50 to 100 mg (Table 2, entry 13); similarly
in Ammoeng 120 from 69.88% (Figure 1A) to 99.52% (Ta-
ble 2, entry 14). Elevated temperature, in general, leads to
improved reaction rate; however, it gives difference for the
system with the presence of methanol that may speed inacti-
vation of enzyme. For example, a temperature increase from
50 to 60°C for the reaction in Ammoeng 120 leads to TG
conversion decrease instead of an increase in TG conversion
(Table 2, entries 17 and 18). Differently, in Ammoeng 102,
both TG conversion and biodiesel yield increase significantly
(Table 2, entries 15 and 16), which might be principally
ascribed to the amelioration of kinetics and mass transfer
due to the decrease of viscosity of the IL at enhanced tem-
perature.®” This result also suggests that Ammoeng 102, dif-
ferent from Ammoeng 120, might provide some protection
to retain enzyme activity against methanol inactivation as
observed above (Table 2, entries 1-3). Finally, the biocataly-
sis performance of three commercial immobilized lipases is
evaluated in both ILs (Table 2, entries 19-24). Agreed with
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many previous observations,'”'*'*?7 Novozym 435 gives
the best results in terms of TG conversion and biodiesel
yield, followed by Lipozyme RM IM and Lipozyme TL IM.
The ionic nature of ILs to strip of the essential water for ca-
talysis action of enzyme has been suggested to be responsi-
ble for the lower activity of lipases in IL environment; how-
ever, Candida antarctica lipase B is structurally unique that
could bind the essential water for catalysis and consequently
works well at low water activities.>>

Partition equilibrium and reaction specificity

If one does not consider the solid state of biocatalyst
(here, immobilized lipase), the enzymatic alcoholysis of tri-
glycerides in ILs (most of them evaluated in this work) can
be seen as proceeded in a typical biphasic system (Scheme
1B). The specificity of the system is that one of the sub-
strates itself (triglyceride) constitutes starting ‘“‘organic”
phase, and IL resembles mostly “aqueous” phase where
another substrate methanol is dissolved. The advantages of a
biphasic reaction system have been well documented,”® includ-
ing timely delivery of dissolved substrates at high concentra-
tion and immediate removal of products by redistribution
between the two phases, which facilitates removal of product
inhibition for an enzymatic reaction. Therefore, a biphasic
reaction system may allow an easy separation of products or
greatly shift reaction equilibrium towards the maximum
obtainable conversion or yield of desired product if the solvent
is properly selected. For enzymatic reaction, biphasic system
may bring other accompanying benefits such as improved ac-
tivity, stability, or selectivity because it has been certain that
the enzyme specificity is profoundly influenced by solvation
state of substrate in solvents.”” To explore tremendous oppor-
tunities for creating an efficient biphasic reaction system for
lipase-catalyzed production of biodiesel, COSMO-RS might be
able to play a role to integrate or understand the reaction
behaviors by simulating and evaluating the partition behavior
of substrates and products between oil and IL phases,’®*'
which just represents the focus of the following discussion.

The concentration-dependent partition coefficient of a sol-
ute (P}L’Oil) is calculated based on the thermodynamic equi-
librium conditions as follows:

0l IL
L—oil _ Vi _ X
P; = L ~ O @

i RS

where x9! and x!' are the molar fractions of solute i in oil and
IL phase, respectively, and 7! and y* correspond to their
activity coefficients. Equation 2 indicates that the exchanges
of components (substrates, ILs, and products) between oil/IL
phases are governed by the difference of the multiplying
product of molar fraction and activity coefficients (x; - 7;)
between the two phases (namely, chemical potential) until
reaching equilibrium.*' Thus, we could understand the
reaction behavior by evaluating partition coefficients or vice
versa by using partition coefficients to predict equilibrium
conversion or yield. The specific reaction profiles in particular
ILs and their difference from conventional solvent have been
observed (Figure 1), of which the reason most likely comes
from the differing properties of solvents as other conditions are
the same. For a multistep reaction, examination of the changes
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of activity coefficients of intermediate and end products in
different biphasic systems with reaction evolution might be a
good start to probe into the intrinsic reasons accounting for
respective reaction specificity.>> To simplify the simulation of
the reaction progress, the following assumptions are estab-
lished based on the observed characteristics of representative
IL reaction system for enzymatic production of biodiesel
(typically as in Ammoeng 102; Figure 1A): (1) this prediction
is based on 1 mol triolein reacted with 3 mol methanol using 1
mol IL as a medium; (2) this work focuses on the partition
coefficients of the end products (glycerol and biodiesel), all
other components treated as part (composition) of two phases;
(3) the formation of intermediate products (MG and DG) are
treated as a steady state that the accumulation of MG and DG
is neglected; (4) regarding the mutual solubilities of solvents,
oil (TG and/or biodiesel, changing with reaction evolution)
concentrations in ILs are estimated by COSMO-RS calculation
at an infinite mode; and the solubilities of methanol, glycerol,
and ILs in oil phase are omitted; (5) the volumes of oil phase
(TG and biodiesel) and IL phase (IL, TG, biodiesel, methanol,
and glycerol) are the sum of volume contributions from the
compositions. Partition coefficients of biodiesel and glycerol
in oil and IL phases (Ammoeng 102 and 120) are thus
calculated on the basis of the above assumptions (Figure 2A).
To examine the prediction, a validation experiment was
conducted as described in the Experimental section (Figure
2B). It should be pointed out that the evaluation of partition
coefficients for the reaction in #-butyl alcohol is impossible
because no phase separation occurs.

Figure 2A shows evident difference of partition coefficient
of glycerol and biodiesel between oil/IL phases for
Ammoeng 102 and for 120 systems. The partition coeffi-
cients [log;o(P)] of glycerol in oil/Ammoeng 102 system
increase from 1.09 to 1.53 following the reaction evolution,
whereas the corresponding values of biodiesel vary, in paral-
lel, from —1.24 to —1.07. Similarly, the log,o(P) values of
glycerol in oil/Ammoeng 120 system increase from 0.85 to
1.22, and the log;o(P) values of biodiesel change from
—0.97 to —0.85. These changing trends indicate that oil/
Ammoeng 102 is a better biphasic system than oil/Ammoeng
120, in terms of a larger distribution difference of biodiesel
and glycerol between oil/IL phases. For example, log;o(P)
value (1.53) of glycerol between oil/Ammoeng 102 means
that the mole concentration distribution of glycerol in oil
phase and Ammoeng 102 (equal mole mixed) is 1:34, that
is, 97.12% glycerol is enriched in IL phase (calculated by
Eq. 2). For biodiesel at the same examination condition, the
distribution ratio is around 11.8:1, which means that there is
7.8% of biodiesel dissolved in IL phase. However, the dis-
crimination efficiency of oil/Ammoeng 120 is comparatively
lower, with 16.5:1 for glycerol and 7.1:1 for biodiesel (Fig-
ure 2A). A larger partition difference of a product facilitates
its immediate removal from reaction vicinity and shifts the
equilibrium accordingly, because many biphasic reactions
are observed to occur in the interface of two phases.?®?’
Thus, this could explain why Ammoeng 102, other than
Ammoeng 120, is capable to greatly drive alcoholysis to
completion (Figure 1). This prediction was verified by exper-
imental measurement of the actual distribution change of
biodiesel and glycerol in oil/IL phase with reaction progress
(Figure 2B). As shown in Figure 2B, the measured data of
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Figure 2. (A) COSMO-RS-predicted partition coeffi-
cients [log¢o(P)] of biodiesel (®, O) and glyc-
erol (M, 0J) in oil/ionic liquids [Ammoeng 102
(®, M) or Ammoeng 120 (O, [O)] systems
against reaction evolutions at 323.15 K; (B)
measured and predicted relative distribution
of biodiesel (or glycerol) in oil and IL phase
of Ammoeng 102-based system.

The plotted measured data in (B) are means =+ standard
deviations (error bars) of three determinations. The equilib-
rium partitioning at finite concentrations, however, was
determined iteratively using the activity coefficients in both
phases calculated by COSMOtherm.

glycerol distribution, in general, agree well with the pre-
dicted values. However, a larger deviation was observed for
the distribution of biodiesel in oil/IL phase at the two ends
of time course. For example, at 99% of TG conversion, the
measured relative content of biodiesel in oil/IL is 98.1%/
1.9%, which is higher than predicted 92.2%/7.8%. For
Ammoeng 120-based system, the measured distribution of
biodiesel in oil/IL phases at TG conversion 98.5% is 90.2%/
9.8%, which is in agreement with predicted 87.6%/12.4%.
Both prediction and experimental data demonstrated that
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Ammoeng 102 could achieve larger distribution difference
for biodiesel and glycerol than Ammoeng 120. The reason
for the prediction deviations from measured data may need
further investigation, but the prediction direction is cor-
rect, that is, the COSMO-RS prediction could be used to
explain the reaction behavior in IL-based system at least
qualitatively.

For the reaction in oil/IL system, Novozym 435 is initially
observed to suspend in between of the two phases due to its
density with a value in between of that of oil and IL. Inter-
estingly, for both IL systems, a cloudy interphase is always
observed, and here we name it as pseudo-mesophase
(Scheme 1B). This pseudo-mesophase, with enzyme resided
in, is relatively stable, which may exist more than half-hour
until a clear separation after agitation is stopped.®’ This phe-
nomenon most likely can be ascribed to partial miscibility of
oil and ILs because of amphiphilic property of Ammoeng
102 and 120.*° The existence of pseudo-mesophase provides
a microenvironment where triglyceride and methanol (dis-
solved in ILs) interact effectively, which facilitates progress-
ing of the reaction.

Another characteristic of enzymatic production of biodie-
sel in these oil/IL systems, as aforementioned, is much less
MG and DG detected in the reaction mixture, which indi-
cates that both oil/IL systems (Figs. 1A,B) do not favor the
accumulation of intermediate products. To clarify this issue,
we also computed the partition coefficients of TG (triolein),
DG (1,3-diolein), and MG (1-monoolein) in both systems
throughout reaction evolution course. For the reaction in oil/
Ammoeng 102 system, log;o(P) of TG varies from —2.16 to
—2.03, DG from —0.96 to —0.71, and MG 0.28 to 0.61 with
reaction evolution. This suggests that DGs have a larger por-
tion than TG dissolved in the IL phase available for interac-
tion with methanol in the IL; at the same time, the formed
MG potentially prefer staying in the IL phase where it
allows a further reaction with methanol. Therefore, from
chemical potential point of view, both cases facilitate further
in situ degradation of generated intermediate products, which
might also contribute more to the formation of mesophase
(Scheme 1B). Furthermore, in the last step of the reaction
(MG + methanol to biodiesel + glycerol; Scheme 1A), the
generated biodiesel is thermodynamically preferable to be
redistributed into oil phase, driven by chemical potential dif-
ference, which greatly moves the reaction to completion.
With this model prediction, we may partly explain why the
content of intermediate products is kept at a lower concen-
tration throughout the reaction course. Overall, the above
discussion clearly shows that the reaction specificities of en-
zymatic alcoholysis in oil/IL systems are heavily associated
with the partition behaviors of reactants, intermediate, and
end products in the two phases.

Properties of ionic liquids that govern oil
conversion and yield of biodiesel

The solubility of triglycerides in ILs has been suggested
being a crucial factor to determine the reaction rate of enzy-
matic glycerolysis in IL-based systems35; such that, the solu-
bilities of triolein in the evaluated ILs have been predicted
by COSMO-RS (Table 3). Clearly, the reaction degrees show
a certain correspondence with the oil solubilities in the ILs
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Table 3. COSMO-RS-Predicted Solubility of Triolein in ILs

and Partition Coefficients of Biodiesel and Glycerol Between

QOil (Represented by Triolein) and IL Phases in the Presence
of Methanol at 298.15 K

Solubility of log;o(P) of logio(P) of

Tonic Liquid Triolein (x)* Biodiesel" Glycerol"
BMIM-BF, 3.532 E -9 —1.9412 2.7524
tOMA-Tf,N 0.5962 0.0863 1.9108
Ammoeng 100 0.0132 —0.8029 2.3237
Ammoeng 102 0.0432 —0.6630 2.0876
Ammoeng 111 14877 E -3 —0.5883 3.7311
Ammoeng 112 2.0058 E —4 —0.8873 3.2047
Ammoeng 120 0.1316 —0.3824 1.8776
DMIM-DMP 4.6347 E -5 —1.9233 3.8824
tOMA-TFA 0.3408 0.0083 2.4751

*COSMO-RS-computed solubility at 298.15 K is a zero-order approximation,
which is based on a noniterative mode.

fCOSMO-RS calculation of partition coefficients between oil (triolein) and
IL (with dissolved methanol) is based on similar assumption as in Figure 2.
The partition coefficients of biodiesel and glycerol at infinite dilution are
direct results of COSMOtherm calculations. The volume quotient was model-
estimated value.

(Tables 1 and 3). For instance, except DMIM:DMP, all IL sys-
tems that produce >10% TG conversion have triolein solubil-
ity >0.01 order of magnitude. DMIM-DMP is an exception,
and a similar phenomenon has also been observed by Ha
et al.*! In EMIM-TfO (ethylmethylimidazolium bis(trifluorome-
thylsulfonyl) methane) with similar simple cation (the decisive
moiety of ILs for the solubility of hydrophobic oil), biodiesel
is also produced efﬁciently.21 Both cases are difficult to find
out a reasonable explanation from their remarkably low oil
solubilities in the ILs according to COSMO-RS estimation.

The partition coefficients of biodiesel and glycerol in other
IL systems evaluated in Table 1 are also predicted (Table 3).
tOMA-Tt,N- and tOMA-TFA-based systems represent two
exceptions with positive log;o(P) values of biodiesel, which
means that biodiesel have larger partition fraction in IL phase,
and thus the equilibrium shifting will be strongly hindered by
accumulation of biodiesel in IL phase. Probably, this is why
the reactions could be easily initiated but do not move to com-
pletion (Table 1, entries 2 and 9). This prediction agrees well
with experimental observation that no clear phase separation
was achieved in these two systems. However, a larger partition
difference of biodiesel (BMIM:BF, and DMIM-DMP) or glyc-
erol (Ammoeng 111 and 112) between oil/IL phases (Table 3)
did not result in a good conversion of oil (Table 1, entries 1,
5, 6, and 8). The most likely explanation is that this larger dif-
ference also indicates larger property difference of the related
IL from oil, which corresponds to a lower solubility of oil in
the IL available for reaction (Table 3). This may partly explain
why the conversions of oil in these biphasic systems (Table 1,
entries 1, 5, 6, and 8) are very low. It should be mentioned
that exotic additives or excessive substrate could result in sig-
nificant property change of IL system, and as a result can give
considerable improvement of oil conversion.”? Similar phe-
nomenon has been observed for Ammoeng 100 in this work,
which resulted in up to 95% yield of biodiesel while excessive
methanol was used (data not shown).

From the above discussion, it is clear that oil/IL reaction sys-
tem evaluated in this work behaves somehow like a typical
biphasic system; however, being a highly concentrated system
(solvent free for oil phase and methanol/IL (3:1, mol/mol) for
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IL phase), the property of the system can be greatly altered with
substantial components added, which sometimes give quite dif-
ferent results.”® Thus, it is not practical to accurately character-
ize oil/IL reaction system in a quantitative way, as COSMO-
therm calculation of solubility and partition coefficient are
based on an infinite mode as used in this work. However, the
results from this work still show that in silico COSMO-RS cal-
culation and simulation could predict the conversion and reac-
tion specificity correctly, namely, the conversion of oil is pro-
nouncedly associated with the solubility of oil in IL and the
yield of biodiesel is largely controlled by the partition coeffi-
cient difference of end products between oil and IL phases.

Ammoeng series of ILs have all toxic evaluation data, which
have been listed in the Toxic Substances Control Act and the
European Inventory of Existing Commercial Chemical Substan-
ces. This group of products is available in technical quantities
for comparably lower prices, which represents an interesting al-
ternative to “conventional” ILs.** This work disclosed some
interesting and distinct characteristics of Ammoeng IL-based
system that other systems have not disclosed, for example,
small amount of ILs engender an efficient reaction, protective
effect for enzyme from inactivation by high concentration of
methanol, and automatic phase separation. These properties will
definitely contribute to the competence of this group of ILs as
potential solvents for enzymatic production of biodiesel.

In the attempts of evaluation of reusability of enzyme and IL,
positive results have been obtained. Novozym 435 could be
reused for a number of times without significant activity lost, and
Ammoeng 102 could also be recovered and reused more than 10
times without significant mass loss; however, these processes are
still by means of organic solvents with many step extraction and
separation. Therefore, for practical applications, developing more
advanced technology for reusability of ILs and recovery of glyc-
erol will be the next focus of the related research.

Conclusion

This work examined enzymatic production of biodiesel
with oil/IL biphasic system by applying a variety of ILs with
different cations and anions. It turned out that the reaction
specificities are strongly dependent on the molecular struc-
tures of the ILs. Among the ILs evaluated, Ammoeng 102
and 120 display excellent reaction profiles in terms of oil
conversion and biodiesel yield. The oil/Ammoeng 102 sys-
tem also shows some unique properties, such as very less
MG and DG in final product, only small amount IL needed
to host an efficient reaction, protective effect for enzyme
against inactivation by methanol and automatic phase separa-
tion for biodiesel recovery, etc. These characteristics are of
paramount importance to explore the industrial interests of
the system. This work also demonstrated that reaction speci-
ficity and oil/IL biphasic behaviors could be described by an
experiment-independent model COSMO-RS, in which the
initiation of reaction and conversion of oil are highly rele-
vant to mutual solubility of oil and ILs and the completion
of reaction and yield of biodiesel are largely governed by
partition coefficients of solutes between oil/ILs. The results
presented in this work suggested that the prediction quality
is acceptable and instructive when in silico calculation of
COSMO-RS based on an infinite mode to delineate nonideal
biphasic behavior of a highly concentrated system was used,
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which is believed to be useful to better understand oil/IL
system and design more efficient reaction approaches.
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