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Abstract

In this study, successive efficient process on conversion of lignocellulosic biomass into ethanol
using ionic liquids (ILs) were developed as pretreatment solvents or hydrolytic catalysts. Since
ILs are known toxic to fermentative microorganisms, we modified the structure of ILs into
zwitterions (ZIs) that expected to be effective to overcome the toxicity. The ZIs were less toxic
than ILs. By exploiting the low toxic of ZIs, we developed the two successive processes.

We developed a successive process with an IL as a hydrolysis catalyst. The catalytic IL, 1-
(4-sulfobutyl)-3-methylimidazolium hydrogen sulfate ([C1imC4SH]HSO.) is composed of H2SO4
and a ZI, 1-(4-sulfobutyl)-3-methylimidazolium (C1imC4S). Bagasse was pretreated by using
H>SO4 that included in IL, for pretreatment, following by addition of ZI for in situ synthesis of
[C1imC4SH]HSO4. This process improved the glucose yield at 77% for 40 minutes hydrolysis at
100 °C. After hydrolysis, the [CiimC4SH]HSO. separated into CiimCsS and H>SOs by
electrodialysis to decrease the toxicity of IL because the remaining ZI no longer toxic. The
electrodialysis separated H2SOa4 from [C1iimCsSH]HSO4 by the recovery at 97%; the separation
enabled the successive fermentation. This successive conversion of bagasse into ethanol has
the ethanol yield at 52%.

We also developed a successive process with a ZI as a pretreatment solvent in one-pot
process. A novel carboxylate-type zwitterion (1-(3-carboxypropyl)-3-(methoxyethoxyethyl)
imidazolium, OE2imC3C) was synthesized. OE2imCzC dissolved 6 wt% of cellulose at 100 °C.
Since OE2imC3C does not show toxicity to E. coli, the one-pot process using 0.5 M of OE2imC3C
obtained ethanol yield at 28%, while when using ILs no ethanol was obtained due to the toxicity.
The viscosity of OE.imCsC was noted as a critical inhibition factor in this one-pot process.
Dimethyl sulfoxide (DMSO) was added as a co-solvent to improve the efficiency of conversion.
The addition DMSO into OE2imCsC accelerated dissolution of cellulose. Furthermore,
OE2imC3;C/DMSO (8/2) at 150 gL* was chosen as a solvent in the one-pot conversion and the
ethanol yield was increasing at 51%.

This study successfully developed successive processes by exploiting ZIs to avoid the high
toxicity of ILs while the superior ability of ILs maintained.



Successive Conversion of Lignocellulose to Bio-ethanol
Using Zwitterions

Introduction

Utilization of lignocellulosic feedstock in bioethanol production is demanded. To convert
biomass into ethanol, three main processes consist of biomass dissolution, hydrolysis, and
fermentation are required. Recently, ionic liquids (ILs) have demonstrated to be promising
pretreatment solvents or hydrolytic catalyst for lignocellulose. On the other hand, successive
efficient process on conversion of lignocellulosic biomass into ethanol is needed for
efficiency of cost and energy.

However, the application of ILs has been limited due to their inhibition effect on
fermentable microorganisms, and this condition make the successive process of
lignocellulosic biomass conversion became difficult to realize. The ILs are known to be toxic
to microorganisms because they destruct cell membranes. The cation part first approaches
to anionic phospholipid in membranes, followed by insertion of alkyl chain of the cation into
hydrophobic part of the membranes. We attached the anion part of ILs to the alkyl chain of
cation, namely zwitterions (ZIs) and it is expected to be effective to prevent the insertion of
the alkyl chain of the cation to the membranes.

The aim of this study is to develop successive processes of lignocellulose conversion into
ethanol using Zls to avoid the high toxicity of ILs while the superior ability of ILs maintained
as both of pretreatment solvents and hydrolysis catalysts.

Experimental Method

Selected ILs and ZIs was used in growth assay and fermentation assay. In growth assay, ILs
and Zls in the range concentration 0.0-1.0 M were applied in lysogeny broth (LB) as a
medium for growing up Escherichia coli (E. coli).

An IL ([CiimC4SH]HSO.) as a hydrolysis catalyst was used in a successive process
conversion of bagasse into ethanol. Bagasse was pretreated by using sulfuric acid that
included in IL, for pretreatment. Following the pretreatment, the ZI has added for in situ
synthesis of [CiimC4sSH]HSO4. Subsequent to hydrolysis, the [CiimCsSH]JHSO,4 then was
separated into C1imC4S and H,SO, by electrodialysis. Eventually, the remained solution that
including of sugar and CiimC4S was fermented by using recombinant E. coli to produce
ethanol.

A Zl as a pretreatment solvent was used in one-pot successive process conversion of
bagasse into ethanol. The novel zwitterion (1-(3-carboxypropyl)-3-(methoxyethoxyethyl)
imidazolium, OE2imCsC) was used as a pretreatment solvent at 120 °C for 8 hours. After the
pretreatment, hydrolysis was done by using cellulase (Celic® CTec2 enzyme) in acetate
buffer pH 5.0 at 50 °C for 48 hours. Following the hydrolysis, fermentation was done by
using recombinant E. coli to produce ethanol. The similar procedure was done by using
mixture solution of OEimCz;C/DMSO.



Result and Discussion

The toxicity of ILs to E. coli was higher than Zls. Relative ODesoo at 24 hours value that
describes relative growth up of E.coli in presence of ILs or ZIs to the control (without ILs or
ZIs) was used to evaluate the trend of toxicity. The growth up of E. coli was lower in
presence of ILs than ZlIs (Figure 1). ILs show toxicity to microorganisms by destruction of
cell membranes. The cation part first approaches to anionic phospholipid in membranes,
followed by insertion of alkyl chain of the cation into hydrophobic part of the membranes.
When the anion part of ILs introduced to the end of the cation, namely zwitterions (ZIs), the
toxicity appeared decreasing. It expected to be effective to prevent the insertion of the alkyl
chain of the cation to the membranes because ZIs no longer have the hydrophobic cation tail.
As a result, the ZIs were not toxic to the growth of E. coli.
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Figure 1 Relative ODsoo 24h of ILs (a) and Zls (b) that describe growth up E. coli in presence of ILs or
ZlIs.

When we investigated the toxicity of ILs to fermentation, and the ILs which act as
hydrolytic catalysts or cellulose solvents were highly toxic. On the other hand, ZIs were low-
toxic regardless of the structure. Figure 2 describes the relative ethanol yield 48 hours
(Relative Yewon 48h) of ILs (a) and Zls (b).
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Figure 2 Relative Yewon 48h of ILs (a) and ZlIs (b) that describe toxicity of ILs or Zls to E. coli in
fermentation of glucose into ethanol.



The catalytic of an IL was applied to the successive conversion process of bagasse into
ethanol. The IL, [CiimC4SH]HSO,, is composed of sulfuric acid and a ZI, (C1imC4S), which
sulfuric acid has pretreatment ability and [C1iimC4SH]JHSO. has high catalytic activity. Using
sulfuric acid for pretreatment following by addition of ZI (CiimC4S) for in situ synthesis of
[C1imC4SH]HSO. that use in hydrolysis was effective method to increase the glucose vyield.
This process improved the glucose yield of avicel hydrolysis to 77% for 40 minutes at 100 °C
(Figure 3).
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Figure 3 Time course of the glucose yield during the hydrolysis of differently pretreated cellulose
(Avicel and PASC) using 1.0 M of [C1imC4SH]HSO4 under microwave heating at 100 °C.

The optimum temperature for this process was at 100 °C, and the glucose yield remains
stable for up to 90 minutes. At 90 °C, the increase of glucose yield was slowly and at 110
and 120 °C, quite similar yields were generated (72.52% and 76.88%) at 30 and 10 minutes
respectively, however a decrease in glucose yield appeared, caused by the relatively strong
conditions (Figure 4 (a)). On the other hand, the initial yield of xylose noted already at
20.64%. The xylose yield at 90 and 100 °C was 118.21% and 107.83% respectively (Figure

4 (b)).

(a) 100F = (b)
100
80 —_
R =X
o @
g o
=
& 40 <
5 5 40
© o
@ 20 9 9p
> p= ~110°C
120 °
08 T T T T 07 T T \ * \C -
0 20 40 60 80 0 20 40 60 80
Time (min) Time (min)

Figure 4 Time courses of glucose yield (a) and xylose yield (b) during hydrolysis of bagasse
pretreated with 72% H2SO4 in 1.0 M [C1imC4SH]HSO4 solution under microwave heating at
90,100, 110, and 120 °C.



The decomposition of xylose into furfural appeared at 100 °C (6.12%) since no HMF from
the decomposition of glucose detected in this hydrolysis condition (Figure 5).
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Figure 5 Time courses of yield of HMF and furfural during hydrolysis of the bagasse, pretreated using
H2S04 in 1.0M [C1imC4SH]HSO4 solution under microwave heating at 100 °C.

Subsequent to hydrolysis, the [C1imC,SH]HSO, then separated into C1imC4S and HzSO4
by electrodialysis to decrease the toxicity of IL because the remaining ZI no longer toxic. In
addition, electrodialysis successfully separated H2SOs from [CiimC4SH]HSO, by the
recovery at 97% (Figure 6). The separation enabled the successive fermentation, and this
successive conversion of bagasse into ethanol has the ethanol yield at 52%.
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Figure 6 Time courses of concentration of H2SO4 (a) and C1imC4S (b) in dilute and concentrate
compartment during electrodialysis of [C1imCsSH]HSOa.

A novel zwitterion, OE2imC3C, dissolves 6 wt% of cellulose. Using OE»imCsC in one-pot
conversion of bagasse into ethanol as a pretreatment solvent increased the ethanol yield at
28% while when using IL ([Comim]OAc) no ethanol was obtained due to the its toxicity
(Figure 7).
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Figure 7 Time courses of ethanol yield in one-pot fermentation in the presence of OE2imCsC and
[C2mim]OAC, the initial of ODeoo E. coli KO11 was 1.0.

To decrease the viscosity of OEimCs;C, DMSO was used as co-solvent in
OE2imC3;C/DMSO solution. Addition of DMSO to OE,imCsC accelerated dissolution of
cellulose. A higher of DMSO concentration (40%) in OE2imC3;C/DMSO (6/4) showed a peak
of cellulose solubility (14 wt%). In contrast, the addition of DMSO over 40% to OE,imCsC
decreased dissolution of cellulose (Figure 8).
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Figure 8 Dissolution of cellulose in OE2imC3C/DMSO mixture.

Furthermore, the activity of cellulase in presence of the mixture was investigated on
enzymatic saccharification assay. The result of examination presents in Figure 9. It showed
at 150 gL of mixture, concentration DMSO gave higher inhibition than OE,imCsC, but at
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250 gL the opposite trend was appearing although for both of concentration the relative
cellulase activity was not considerably different. Even though the inhibition effect of DMSO
was higher than OE»imCzC but the addition of DMSO the OE.imCsC showed inhibition effect
of mixture not too different from the pure OE.imCsC inhibition.
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Figure 9 Relative activity of cellulase in the presence of OE2imCsC/DMSO mixture.

Base on the investigation of inhibition OE.imCsC/DMSO to the enzyme activity and toxicity
the E. coli growth including in fermentation, the OE.imCsC/DMSO (8/2) at 150 gL was
chosen as a solvent to conduct one-pot conversion of bagasse into ethanol. The
pretreatment using OE.imCsC/DMSO (8/2) was effective to enhance the fermentable sugar,
so that in fermentation, the ethanol yield was achieved 51%. Figure 10 presents the ethanol
yield in this one-pot fermentation.
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Figure 10 Time courses of ethanol yield in one-pot conversion of bagasse into ethanol using
OE2imC3C/DMSO (8/2).



Conclusion

This study successfully developed successive processes by exploiting Zls to avoid the high
toxicity of ILs while the superior ability of ILs maintained. Using approach of ILs on biomass
processing, the novel process enabled successive processes in biomass conversion
consists of pretreatment, hydrolysis, and fermentation. The keys of successful conversion
were how to overcome the crystallinity of biomass in pretreatment, efficient hydrolysis
process, and reduce toxicity effect that allowed fermentation using microorganisms.
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