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Abstract The dissolution of biomass into ionic liquids (ILs)
has been shown to be a promising alternative biomass
pretreatment technology, facilitating faster breakdown of
cellulose through the disruption of lignin and the decrystal-
lization of cellulose. Both biological and chemical catalysis
have been employed to enhance the conversion of IL-treated
biomass polysaccharides into monomeric sugars. However,
biomass-dissolving ILs, sugar monomers, and smaller
carbohydrate oligomers are all soluble in water. This reduces
the overall sugar content in the recovered solid biomass and
complicates the recovery and recycle of the IL. Near-
complete recovery of the IL and the holocellulose is essential
for an IL-based pretreatment technology to be economically
feasible. To address this, a solvent extraction technique,
based on the chemical affinity of boronates such as phenyl-
boronic acid and naphthalene-2-boronic acid for sugars, was
applied to the extraction of glucose, xylose, and cellobiose
from aqueous mixtures of I-ethyl-3-methylimidazolium
acetate. It was shown that boronate complexes could extract
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up to 90% of mono- and disaccharides from aqueous IL
solutions, 100% IL systems, and hydrolysates of corn stover
containing IL. The use of boronate complexes shows
significant potential as a way to recover sugars at several
stages in ionic liquid biomass pretreatment processes,
delivering a concentrated solution of fermentable sugars,
minimizing toxic byproducts, and facilitating ionic liquid
cleanup and recycle.

Keywords Ionic liquid pretreatment - Solvent extraction -
Boronic acids - Cellobiose - Glucose - Xylose -
Hydrolysate - Ionic liquid recovery and recycling -
1-ethyl-3-methylimidazolium acetate

Introduction

In recent years, there has been a renewed interest and an
increased effort toward the development of biofuels made
from lignocellulosic biomass derived from agricultural
wastes, forest residues, and dedicated energy crops [6, 11,
13]. One of the largest limitations facing the overall
economic viability of this process is the slow and incom-
plete hydrolysis of biomass by cellulolytic enzymes into its
component sugars [2, 11]. This recalcitrance necessitates
the use of a “pretreatment” step to enhance the accessibility
of these enzymes to the carbohydrate complexes present in
biomass [11]. Most pretreatments are thermochemical
processes that use combinations of high temperatures and
pressures, and dilute acids or alkalis, to alter the structure of
the biomass and increase surface accessibility. This typi-
cally necessitates the use of specialized equipment and
high-energy inputs [14, 21, 34].

Ionic liquids (ILs) have received attention as an inno-
vative class of solvents for chemical processing [28, 29].
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Fig. 1 Molecular schematic of 1-ethyl-3-methylimidazolium acetate
[C2mim][OAc] used in all extraction and pretreatment experiments

They are known as environmentally friendly solvents
primarily due to their low volatility [10] and their potential
to be recycled. Recently, ILs have shown great promise for
use in the pretreatment of biomass, with several classes of
ILs being able to dissolve crystalline cellulose and biomass
under relatively mild conditions. The resulting polysac-
charides can be readily hydrolyzed using cellulolytic
enzymes [4, 16, 17]. The IL 1-ethyl-3-methylimidazolium
acetate (Fig. 1), abbreviated as [C2mim][OAc], has been
found to be one of the most promising candidates for
biomass pretreatment [27, 35].

An IL pretreatment process typically involves the dissolu-
tion of biomass into the ionic liquid at an elevated temperature
with stirring, followed by the addition of an anti-solvent that
precipitates a fraction of the biomass from solution (Fig. 2).

Fig. 2 Process flow depicting
pretreatment of biomass utiliz-
ing enzymatic catalysis for fer-
mentable sugars and sugar
recovery Stages 1 and 2 (The
switchgrass image is courtesy of
the Samuel Roberts Noble
Foundation, Ardmore,
Oklahoma)
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This precipitant can be water, ethanol, or a solvent with
hydrogen bonding capacity that is added at volumetric ratios
of approximately 3:1 precipitant/IL. Once the biomass has
been precipitated, a solid—liquid separation is performed and
the biomass is washed with water to remove any remaining
IL prior to an enzymatic hydrolysis process step that yields a
monosaccharide product stream suitable for fermentation.
Washing is necessary as commercial enzyme mixtures are
inhibited by residual IL [31].

The proposed IL deconstruction process contains two
streams where the recovery of sugars from aqueous IL
solutions would improve the overall process efficiency and
help in the recycle of the IL (Fig. 2, stage 1 and stage 2).
The most significant of these is the process stream resulting
from washing the precipitated biomass (Fig. 2, stage B).
The development of cellulases that are active in the pres-
ence of ILs [5, 15, 36] would enable the production of
monomeric sugars without the need for solid-liquid
separation and extensive washing after precipitant addition.
This currently results in the dilution of the IL. As it is nec-
essary to remove the precipitant from the wash stream so
the IL can be reused, the reduction and possible elimination
of washing would help avoid high-energy cost associated
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Fig. 3 Process flow depicting solubilization of biomass followed by
heterogeneous or homogeneous catalysis for the breakdown of sugars
into monomers

with distillation to recover the IL. Families of cellulases
that are active at IL concentrations of up to 30% (v/v) have
been recently reported [22, 31, 33], with some hyper-
thermophilic IL-tolerant enzymes exhibiting between 50%
and 90% of their activity in the presence of 15% [C2mim]
[OAc] [5].

An alternative IL-based process, using chemical catalysis
rather than enzymatic hydrolysis to break down cellulose, is
a second avenue through which ionic liquids could be used
to produce monomeric sugars (Fig. 3). Homogeneous
catalysis, utilizing low concentrations (~5%) of mineral
acids such as HCI and H,SO, in 1-butyl-3-methylimidazo-
lium chloride ([C4mim]CI) has been shown to effectively
hydrolyze cellulose into its individual oligosaccharide
components, with yields of up to 80% of the total reduced
sugars [18, 19]. Sulfonate resins have also been used to
catalyze the selective depolymerization of cellulose dis-
solved in [C4mim]Cl, producing lower degree of polymer-
ization cellooligomers [23]. These chemical processes
provide promising options for the hydrolysis and break-
down of lignocellulosic material into monosaccharides
using the biomass-solvating capacity of ionic liquids.

Development of both IL-tolerant cellulases and chemical
catalysis routes for the breakdown of biomass in ionic
liquids would help increase the efficiency of the conversion
of biomass into monosaccharides. However, both these
processes rely on the removal of sugars from aqueous IL

Scheme 1 Formation of the
N2B tetrahedral ion under basic
conditions [1]

naphthalene-2-boronic acid

solution or from IL biomass liquor. Liquid-liquid extraction
of sugars into organic phases has been used to recover up to
98% of sugars from aqueous solutions [30] and wood
hydrolysates [12]. Through the formation of a complex
with lipophilic—boronic acids, it is possible for sugars to
pass into a water-immiscible organic phase consisting of a
lipophilic quaternary alkyl amine salt (Aliquat 336™, Q+ in
Scheme 2) and hexane [1, 12, 20, 30]. The mechanism of
this complexation relies on the ionization of the boronic
acid with OH ™ under basic conditions, resulting in the for-
mation of a tetrahedral anion at the interface of the aqueous
and organic phases (Scheme 1). The tetrahedral anion forms
a complex with the cis-diols of pentose and hexose sugars
(Scheme 2). For naphthalene-2-boronic acid (N2B), the most
efficient removal of sugars occurs at pH levels between 11
and 12, above its pK, of ~9. The negatively charged com-
plex is then stabilized in the organic phase by the quaternary
alkyl amine cation. The complexation reaction is reversible
under acidic conditions and the sugar is recovered from the
organic phase by stripping with a dilute acidic solution
(Scheme 3). Figure 4 illustrates the overall process. In this
study, the use of boronic acids to extract glucose, xylose, and
cellobiose from aqueous IL solutions and from ionic liquid-
only systems was investigated to determine the efficiency of
sugar recovery in the presence of IL. Ionic liquid loss, and
degradation was also investigated.

Materials and Experimental Methods
Ionic Liquid/Sugar Solutions

Ionic liquid/water solutions were prepared using specified
volumes of 1-ethyl-3-methylimidazolium acetate (Sigma-
Aldrich, BASF quality >90%) and 0.15 M NaHCOj; buffer,
pH11 (Mallinckrodt Chemicals, 99.7-100.3%). The 0.15 M
NaHCOj; buffer was prepared by the dissolution of 1.26 g
NaHCOj; buffer in 80 ml of water and adjustment of the pH
to 11 with NaOH before adjusting the volume to 100 ml.
The pH was measured using an ion-sensitive field effect
transistor pH probe (IQ Scientific Instruments Inc., model
1Q240). Experiments were conducted using 0% to 100% (v/v)
[C2mim][OAc]/buffer containing 10 mM synthetic anhy-
drous D-glucose, xylose, or cellobiose (Sigma-Aldrich,

OH OH
OH
B é/
~ o
OH + OH OH
Ka—acid

tetrahedral anion
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B
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tetrahedral anion

Organic Phase

D-Glucose

Ionic Liquid-Aqueous Phase

Organic Phase

Scheme 2 Tetrahedral boronate anion forms a complex with the cis-diol moiety of the carbohydrate. D-Glucose in the -Furanose form is shown

[1]. The Q+ is the quarternary amine Aliquat 336

>98%) in a total volume of 5 ml. Carbohydrate structures are
shown in Fig. 5. For 100% IL systems, the correct mass of
dry sugars was added. In addition to the 100% IL/sugar
solution, the 100% IL/sugar solution was spiked with 5 pl of
10 N NaOH (VWR cat. no. VW3247-1) to test if additional
hydroxide improved sugar extraction. The specified concen-
tration of water in [C2mim][OAc] as received from the
supplier was <0.2%, and so the addition of 5 pl of NaOH
(0.1%) was treated as negligible. For all experimental trials
in this study, the initial pH of the IL/water/sugar solutions
was measured and buffered to pH11-12.

Organic Phase

The organic phase consisted of 150 mM Aliquat 336™
(Sigma-Aldrich, p/p,=0.884 g/cm’) and 70 mM boronic
acid. Napthelene-2-boronic acid (Frontier Scientific, 97%,
batch 14973) or phenylborinic acid (Fluka Analytical,
>97%) were dissolved in a 85:15 (v/v) solution of n-hexane
and 1-octanol.

Stripping Solution

An aqueous solution of 0.5 M hydrochloric acid was used
to strip the sugars from the loaded organic solution.

H
\
_s‘\

HO
HO
o
H 0\/ + HCl —
——OH
©
Q+ Stripping Phase

Organic Phase

HO

Quantitation of Sugars

Sugar concentrations were measured using HPAEC with
pulsed amperometric detection on a Dionex DX600
equipped with a Dionex Carbopac PA-20 analytical column
(3x150 mm) and a Carbopac PA-20 guard column (3x
30 mm; Dionex, Sunnyvale, CA, USA). Eluent flow rate
was 0.4 ml/min and the temperature was 30°C. A gradient
consisting of a 12-min elution with 14 mM NaOH followed
by a 5-min ramp to 450 mM NaOH for 20 min, returning to
the original NaOH concentration of 14 mM for 10 min prior
to the next injection, was employed. External standards
covering the range between 6.25 and 125 uM glucose,
xylose, and cellobiose were used to generate calibration
curves from which concentrations were determined. Figure 6
displays a typical chromatogram used to determine carbo-
hydrate concentrations.

Preparation of Hydrolysate Solutions
Pretreatment
A total of 300 mg of corn stover (4.8% moisture content)

was mixed with 9.7 g of [C2mim][OAc] (as received,
<0.2% moisture specified) in a 30-ml test tube. The con-

H
\‘\\\\

tetrahedral anion

D-Glucose

Stripping Phase Organic Phase

Scheme 3 Possible mechanism for the stripping of sugars from the tetrahedral boronate complex using HCI [1]
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tents were stirred with magnetic stirring in an oil bath at
120°C. After 3 h, 20 ml of hot water was slowly added to
the mixture with vortexing to precipitate the dissolved
biomass. The resulting slurry was washed with 4 x40 ml of
water to remove the ionic liquid and resuspended in 50 mM
sodium acetate buffer, pH4.8.

Enzymatic Hydrolysis

A cellulase cocktail consisting of a Novozymes cellulase
complex, NS50013 (70 FPU/g), and B-glucosidase, NS50010
(250 CBU/g), was prepared according to the manufacturers
instructions. An enzyme loading of 5% NS50013 and 0.5%
NS50010 (wt enzyme/wt glucan) was added to the recovered
biomass, and shaken at 250 rpm for 72 hours at 50°C. The

Fig. 4 Extraction flow sheet
and corresponding substances in
each phase

Aqueous/IL Phase: pH 11

hydrolysate was then filter-sterilized and stored at 4°C until
used. The concentration of glucose was 200 mM.

Preparation of IL/hydrolysate Solutions

Solutions containing 6.8 and 20.4 mM glucose were pre-
pared using the hydrolysate and spiked with 5%, 10%, and
15% (v/v) [C2mim][OAc] with the volume made up with
150 mM of the NaHCOj buffer, pH11.

Extraction and Stripping of Sugars

The extraction of sugars was adapted from the method of

Griffin and Shu [12]. Extraction experiments were con-
ducted separately for each sugar (glucose, xylose, and

Dilute HCL
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D-Glucose

D-Xylose

Cellobiose

Fig. 5 Three carbohydrates of interest in this study: D-glucose, D-xylose, and cellobiose

cellobiose) and for the IL/hydrolysate solution. Equal
volumes of IL/water sugar solutions (0-100% IL) and
organic phase were vigorously mixed at 1,400 rpm, 25°C,
for 2 hours (Eppendorf Thermomixer). Tubes were then
transferred to a centrifuge (Eppendorf centrifuge 5434) and
spun at 13,000 rpm for 5 min to separate the two phases.
Samples of the IL/water phase were then analyzed using high-
performance anion exchange chromatography (HPAEC) to
determine the quantity of sugars transferred into the organic
phase. Positive controls of known initial starting sugar
solutions (10 mM) were used to validate the experimental
protocol, with <5% variation observed. Stripping sugar
experiments were conducted by taking the loaded organic
phase and vigorously mixing it with an equal volume of
stripping solution (0.5 M HCI, mixing for 30 min and
spinning down in centrifuge for 5 min, 13,000 rpm). Samples
of'the aqueous stripping solution were analyzed using HPAEC
to determine the quantity of sugars recovered from the loaded
organic phase. All experiments were performed at 25°C.

All trials were conducted in triplicate. The percent
extracted was defined as the percentage of sugar, on a
molar basis, initially present in the IL or IL/water phase
that is transferred into the organic phase:

([Sugar]initial - [Sugar]ﬁnal)

% Extracted =
o Extracte [Sugar]

x 100 (1)

initial

Results and Discussion
Extraction of Sugars

The results of all extraction trials are presented in Figs. 7, 8,
9,10, 11, 12, 13, and 14. Error bars represent one standard
deviation above and below the mean. For all experiments in
this study, the pH of the IL/water/sugar solution before and
after extraction did not change. For both N2B and phenyl-

Fig. 6 Chromatogram display- 200
ing the change in glucose
concentration before and after Glc - 12.05 min
extraction from 50% IL/water.
The larger (Glc-12.05 min) is
the IL/buffer/sugar sample 150
before extraction. The smaller Before
peak is the sample after Extraction
extraction (@)
£
< 100
D
S
c
U After
Extraction
50
0 T T T T T T 1
0 4 6 8 10 12 14 16
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PBA Extraction of Glucose and Xylose

100

80 -

60 -

40 A

20 A

% Extracted

0 10 20 30 40 50 60 70 8

% IL
B Glucose ™ Xylose

90 100

Fig. 7 Phenylboronic acid (PBA) extraction of glucose and xylose
from aqueous [C2mim][OAc] solutions. PBA concentration was
70 mM in organic phase and initial sugar concentration in the IL/
water phase before extraction was 10 mM and at pH11. All extraction
trials in this study were at ambient temperature 25°C

boronic acid (PBA), a higher percentage in terms of
extraction and recovery of glucose than xylose for IL/water
solutions from 0% to 50% IL was observed (Figs. 7 and 8).
Of the two boronic acids, N2B had a higher affinity for
xylose than PBA (Fig. 10). For glucose, a clear trend was
inconclusive in the region from 0% to 30% IL, but N2B
had greater extraction percentages than PBA in 40% and
50% IL (Fig. 9). Negligible amounts of cellobiose were
extracted by PBA or N2B in the 0% to 50% IL region
(Table 1).

For IL/water solutions of 60—-90% IL, small amounts of
white precipitate were observed. While not tested, this is
most likely sodium bicarbonate precipitating at high salt

N2B Extraction of Glucose and Xylose

100

% Extracted

0 10 20 30 40 50 60 7 85 90 100

% IL
B Glucose ™ Xylose

Fig. 8 Napthalene-2-boronic acid extraction of glucose and xylose
from aqueous [C2mim][OAc] solutions. N2B concentration was
70 mM in organic phase and initial sugar concentration in the IL/
water phase before extraction was 10 mM and at pH11

Comparison of glucose extraction efficiency of N2B

vs. PBA organic phases
100
90 -
80
70 4
60 -
50 A
40 4
30
20
10 4
0 4

% Extracted

0 10 20 30 40 50
% 1L

EN2B ®PBA

Fig. 9 Percent glucose extraction comparing napthalene-2-boronic
acid (N2B) and phenylboronic acid (PBA). Extractant concentrations
were 70 mM in organic phase and initial sugar concentration in the IL/
water phase before extraction was 10 mM and at pH11

concentrations. The extraction of the sugars using both
N2B and PBA at these ionic liquid concentrations became
highly variable, with negligible amounts of glucose, xylose,
and cellobiose extracted (Figs. 7 and 8 and Table 1).
Evaporation was considered and rejected as a potential
source of this variability through the use of positive con-
trols using known sugar concentrations (10 mM). Under
these high salt loadings, it is unknown what the actual
activity of [OH ] ions are and how they influence the
association constant (K,.,q) of the tetrahedral boronate
anion (Scheme 1) and the association constant of the
tetrahedral anion and the sugar diols (K., in Scheme 2).
Literature suggests that upon the formation of boronate
ester, the pK, decreases compared to the boronic acid itself,
resulting in an overall decrease in the pH of the solution

Comparison of xylose extraction efficiency of N2B
vs. PBA organic phases

% Extracted

0 10 20 30 40 50
% IL

EN2B ®EPBA
Fig. 10 Percent xylose extraction comparing napthalene-2-boronic
and phenylboronic acids. Extractant concentrations were 70 mM in

organic phase and initial sugar concentration in the IL/water phase
before extraction was 10 mM and at pH11

@ Springer
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Extraction of sugars from 100% [C2Mim][OAc] Extraction of Glucose from Corn Stover Hydrolysate
using PBA organic phase 100
100
80 -+
°
[]
€ g oo
S =]
£ @ 40 -
= S
¢ 20 -
0 -
5 10 15
100 100+NaOH
% IL % IL

[ Cellobiose

M Glucose M Xylose

Fig. 11 Phenylboronic acid extraction of glucose, xylose, and
cellobiose in 100% IL and 100% IL spiked with NaOH. The latter
solution was spiked with NaOH by adding 5 pnl 10 N NaOH to the 5-ml
volume of the IL/sugar mixture before extraction. The specified
concentration of water in [C2mim][OAc] as received from the supplier
was <0.2%. The addition of 5 pl of NaOH represents approximately
0.1% increase in water content and is treated as negligible. PBA
concentration was 70 mM in organic phase and initial sugar
concentration in the IL phase before extraction was 10 mM

[32]. In our study, the pH was not observed to decrease, and
it is unknown to what extent the ions in [C2mim][OAc] are
interacting with [H'] or [OH ] in solution. These factors
may be the source of the wide variation in the extent of
extraction. Further investigation is needed to fully under-
stand these results.

In aqueous solutions, it has been reported that while the
binding constants of boronic acid—carbohydrate complexes
are buffer-independent [3, 26], the stability of the boronate

Extraction of sugars from 100% [C2Mim][OAc]
using N2B organic phase

100

% Extracted

100 100+NaOH
% 1L

B Glucose M Xylose M Cellobiose

Fig. 12 Extraction efficiency of glucose, xylose, and cellobiose in
100% [C2Mim][OAc] and 100% [C2Mim][OAc] spiked with 5 ul
10 N NaOH to the 5-ml volume of the IL/sugar mixture before
extraction. Napthalene-2-boronic acid concentration was 70 mM in the
organic phase and initial sugar concentration in the IL phase before
extraction was 10 mM

@ Springer

=PBA, [GIc]i = 6.8mM =PBA [Glc]i = 20.4mM
=N2B, [Glc]i = 6.8mM =N2B, [Gci = 20.4mM

Fig. 13 Percentage extraction of glucose from pretreated corn stover
hydrolysate in the presence of [C2mim][OAc]. Two different (6.8 and
20.4 mM) initial hydrolysate/glucose concentrations were tested. The
organic phase consisted of 70 mM boronic acid and 150 mM Aliquat
336 in hexane/octanol (85:15). IL/hydrolysate solutions were at pH11

ester is pH- and solvent-dependent [24, 32]. Springsteen
and Wang [26] reported association constants (K.,) in
aqueous systems for D-glucose and D-xylose to be 4.6 and
14 M respectively, at pH7.4. K.q is a function of the two
equilibrium constants (Kcq.tet and Keq_gig) for the tetrahedral
and trigonal forms of the boronic acid with the sugar diols.
These authors also reported that K., increased with
increasing pH for the D-glucose complex with phosphate
buffer. At pH values of 7.0, 7.4, 8.0, and 8.5, the K, values
were 2.0, 4.6, 7.2, and 11 M, respectively, and the
optimal binding pH for the boronate ester was not always
above the pK, of the boronate species (the authors reported

Recovery of Glucose from Corn Stover Hydrolysates
100

80 -
e
€ 60
o
[3]
[0}
c 40
2
20 -
0 4
5 10 15
%IL
EPBA EN2B

Fig. 14 Percentage recovery of glucose stripped from loaded organic
phase (6.8 mM glucose original hydrolysate concentration) using dilute
HCIL. The organic phase, containing 70 mM boronic acid, was contacted
with equal volumes of stripping solution containing 0.5 M HCI
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that the binding constants were at a maximum around pH7)
[26]. Kq values were not reported for pH above 9. In our
high IL concentration systems, how the [C2mim][OAc]
species affect the binding affinity and equilibrium constants
between the boronic acids and carbohydrates was undeter-
mined and is the subject of further study.

The results obtained in 100% IL-sugar solutions were
unexpected. In both 100% [C2mim][OAc] and spiked
(addition of NaOH) 100% [C2mim][OAc], not only were
all three sugars extracted to a significant amount (>60%
extracted in PBA), cellobiose was also extracted to a greater
extent than either xylose or glucose (over 80% in Figs. 11
and 12). According to Scheme 1, hydroxide ions are
required for the conversion of boronates to the tetrahedral

anion formation. However, in 100% IL solutions, no buffer
was present to allow this transformation. Hence, the
boronic acids alone, without conversion to the tetrahedral
form, possibly formed a stable species with the sugars in
the organic phase. In addition, 100% [C2mim][OAc]
solutions that were spiked with NaOH showed higher
degrees of extraction when using N2B (Fig. 12). While this
may imply that the N2B is forming a tetrahedral anion with
the addition of OH- to enhance the extraction of sugars, the
same trend was not observed when extracting with PBA
(Fig. 11). A more in-depth investigation of the structure of
the boronic acid-sugar complex under this condition is
required before conclusions can be drawn about the
mechanism of extraction in this 100% IL case.

Table 1 Extraction data for each sugar at varying amounts of ionic liquid

% IL Average % Extr SD
Glucose-N2B Xylose-N2B Cellobiose-N2B Glucose-N2B Xylose-N2B Cellobiose-N2B
0 94 95 0 1 4 3
10 97 93 0 1 0 28
20 96 87 -1 1 3 0
30 72 63 12 2 0 26
40 97 84 -8 1 5 2
50 79 66 9 0 5 26
60 27 35 -10 23 8 3
70 5 —21 9 2 7 26
80 3 5 -23 7 27 2
90 8 11 -17 22 16 22
100 36 60 84 7 6 5
100 + NaOH 56 89 87 9 1 2
Glucose-PBA Xylose-PBA Cellobiose-PBA Glucose-PBA Xylose-PBA Cellobiose-PBA

0 97 82 30 0 4 23
10 94 59 11 2 4
20 87 52 17 1 12 33
30 80 24 20 7 1 34
40 53 42 9 1 16 24
50 49 30 —-12 12 1 13
60 -13 15 -3 6 22 16
70 8 -8 -29 25 6 3
80 —-14 —24 -33 4 29
90 8 11 1 2 16 22
100 63 77 84 3 1 1
100 + NaOH 66 69 85 2 6 5

The average value was taken from triplicate samples and standard deviation (SD) is shown. Negative extraction values correspond to greater final
sugar content than initial, which could have been due to experimental error or issues addressed in the results section. Positive controls of known
initial starting solutions were conducted and validated. Initial sugar concentrations were 10 mM prior to extraction, and the organic phase
contained 70 mM boronic acid. Solutions were at pH11-12 and ambient temperature
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The possible degradation of the ionic liquid during the
experiment was investigated, as it has been reported that the
under basic conditions the acid-labile hydrogen on the C2
position of the imidazole is lost, resulting in the formation of
N-heterocyclic carbenes. '"HMR and FTIR showed that no
carbene product was formed under the extraction conditions
(see Electronic supplementary material, Figs. S1-S4).

Extraction of Glucose from Pretreated Corn Stover

For both N2B and PBA systems, extraction of 80-90% of
the original glucose contained in the hydrolysate was
achieved (Fig. 13). Within experimental error, there was
no impact on the extraction efficiency with increasing
concentration of [C2mim][OAc] (5-15%, v/v). A more
concentrated hydrolysate solution (20.4 mM glucose vs.
6.8 mM glucose) was extracted in parallel to test the
capacity of the two extraction systems. The concentration
of boronic acids was kept constant at 70 mM. As seen in
Fig. 13, the percentage extraction may be dependent on the
boronic acid concentration in the organic phase, with ~50%
of the original 20.4 mM glucose in the hydrolysate being
extracted, compared to the ~80% of the 6.8 mM glucose.
While the maximum theoretical loading of sugars in the
organic phase is unknown, this reduction in extraction
efficiency implies that the 70 mM boronic acid system may
be approaching its theoretical limit.

Recovery of Glucose from Corn Stover Hydrolysates

The recovery of glucose from corn stover hydrolysate samples
reached up to 97%. Samples extracted with N2B showed the
highest percent recovery compared to samples treated with
PBA (where the percentage recovery is defined in Eq. 2 as the
percentage of sugars in the organic phase that is transferred
to the stripped solution). Samples treated with PBA had a
decrease in percentage recovery with increasing IL content:

([SUgar]organic phase [Sugar]strippcd phasc)

[Sugar]

x 100

(2)

Alternatively, samples extracted with N2B recovered 90—
97% of glucose from the loaded organic phase regardless of
IL content (Fig. 14). Therefore, this stripping technique can
provide a process to deliver fermentable sugars extracted
from pretreated hydrolysate solutions efficiently.

% Recovery =

organic phase

Conclusion

The extraction of mono- and disaccharides in ionic liquid-
based systems using boronic acids has been shown to be an

@ Springer

effective technology to provide fermentable sugars from
pretreated lignocellulosic biomass. This boronic acid
extraction technology has not been previously employed
with ionic liquid systems and offers the possibility of
efficiently recovering C5 and C6 sugars from ionic liquids.
The complete extraction of cellobiose in 100% IL is also
encouraging. Furthermore, there is the possibility that
boronic acid membrane-based systems could be applied to
pretreated biomass in future processing applications [7-9,
25]. These results demonstrate the potential of this
approach to develop an IL pretreatment process technology
with high overall sugar yields.
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