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ABSTRACT: Pretreatment of lignocellulosic biomass with ionic liquids (ILs) is a promising and challenging process for an
alternative method of biomass processing. The present work emphasizes the examination of wheat straw pretreatment using ILs,
namely, 1-butyl-3-methylimidazolium hydrogensulfate ([bmim][HSO,]), 1-butyl-3-methylimidazolium thiocyanate ([bmim]-
[SCN]), and 1-butyl-3-methylimidazolium dicyanamide ([bmim][N(CN),]). Only [bmim][HSO,] was found to achieve a
macroscopic complete dissolution of wheat straw during pretreatment. The fractionation process demonstrated to be dependent
on the IL used. Using [bmim][SCN], a high-purity lignin-rich material was obtained. In contrast, [bmim][N(CN),] was a good
solvent to produce high-purity carbohydrate-rich fractions. When [bmim][HSO,] was used, a different behavior was observed,
exhibiting similarities to an acid hydrolysis pretreatment, and no hemicellulose-rich material was recovered during fractionation.
A capillary electrophoresis (CE) technique allowed for a better understanding of this phenomenon. Hydrolysis of carbohydrates
was confirmed, although an extended degradation of monosaccharides to furfural and hydroxymethylfurfural (HMF) was
observed.
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B INTRODUCTION The unique properties of ILs allow their use for biomass
processing in pretreatment and/or extraction processes.w_22
ILs have an ability to dissolve biomass by an effective disruption
of the complex network of noncovalent interactions between
carbohydrates and lignin.**** Generally, a complete biomass
dissolution should be attained during the pretreatment to
improve the efficiency of the process. After pretreatment with
specific conditions (temperature, residence time, and biomass/
IL ratio), an antisolvent is added to the solution mixture,
promoting carbohydrate precipitation as a recovered material.
Lignin and other soluble compounds are partially extracted to
the liquid phase.*® Lignin can be further recovered by

The undiscovered potential of lignocellulosic biomass to obtain
a variety of value-added products requires broad research to
ensure the feasibility of lignocellulosic biorefineries. One of the
major limitations of the biorefinery concept is the lack of an
efficient biomass processing tool, which could compromise
investment in this sector. Therefore, studies on biomass
pretreatment and fractionation were developed to efficiently
overcome the recalcitrance of lignocellulose and reduce costs of
biorefinery processes.'

The composition of lignocellulose is mainly ascribed to three

general components, namely, cellulose, hemicellulose, and acidification of the antisolvent/IL medium.>*™>® From the
lignin. The isolation of each fraction from lignocellulose is regenerated material, hemicellulose and cellulose can be
required to achieve maximal valorization of a low-cost feedstock obtained as separated fractions using specific solvents to
by producing valuable commodities, such as hydroxymethyl- maximize the fractionation process. 26:27,29,30
furfural (HMF) and levulinic acid (cellulose derivatives),™ 1-Ethyl-3-methylimidazolium acetate ([emim][CH,COQ])
furfural and xylitol (hemicellulose derivatives),”® and phenolic is the most often reported IL due to its good solubility
compounds and styrenes (lignin derivatives).” A new and properties for biomass. Nevertheless, there is room for
attractive process that allows cellulose, hemicellulose, and lignin additional investigation of new ILs for biomass pretreatment,
as separated fractions is the pretreatment of biomass using ionic especially with a specific goal such as integrated biomass
quuids.lo’11 selective fractionation and hydrolysis. 31-33

Ionic liquids (ILs) are usually organic salts with melting In a previous work a wheat straw fractlonatlon using
points below 100 °C. ILs as design solvents demonstrate a great [emim][CH;COO] was successfully carried out.?® The aim of
variety of physicochemical properties. The most common the present investigation relies on evaluatlon of the versatility of
properties of ILs are a hlgh polarity,lz a great thermal stabﬂity the PIEVIOHSIY developed method usmg the three different ILs

(even above 300 °C),"” a high conductivity and a large

electrochemical window, a great solvent power,"*"> a negligible Received: May 6, 2013
volatility, and nonflammability.'® The toxicity and biodegrad- Revised:  July 20, 2013
ability of ILs is an important issue, and in the past years these Accepted:  July 22, 2013
topics were studied extensively.'”'® Published: July 22, 2013
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1-butyl-3-methylimidazolium hydrogensulfate ([bmim]-
[HSO,]), 1-butyl-3-methylimidazolium thiocyanate ([bmim]-
[SCN]), and 1-butyl-3-methylimidazolium dicyanamide
([bmim][HSO,] depicted in Figure 1. The influence of each
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Figure 1. Chemical structures of [bmim] cation and [N(CN),],
[SCN], and [HSO,] anions used.

IL was verified for the entire process including the pretreatment
stage and subsequent fractionation. The effect of ILs on lignin
extraction from original biomass and cellulose crystallinity was
also studied.

B MATERIALS AND METHODS

Materials. ILs selected for this work were [bmim][HSO,] with 99
mol % purity (5500 ppm of water content), [bmim][SCN] with >98
mol % purity (2100 ppm of water content), and [bmim][N(CN),]
with >98 mol % purity (1500 ppm of water content). The
[bmim][SCN] was supplied by Solchemar Lda. (Lisbon, Portugal),
and the other ILs were purchased from Iolitec GmbH (Heilbronn,
Germany). ILs were dried under vacuum (0.1 Pa) at room
temperature for at least 24 h prior to use. The water content of
each IL was determined by a volumetric Karl—Fischer titration.

Wheat straw was obtained from Esta¢io Nacional de Melhoramento
de Plantas (Elvas, Portugal). The agricultural feedstock was grounded
with a knife mill IKA Werke, MF 10 basic (Germany) to particles
smaller than 0.5 mm, homogenized in a defined lot, and stored in
plastic containers at room temperature. Chemical characterization of
wheat straw was previously performed.** Moisture content was 8%
(w/w).

The following reagents were used for pretreatment experiments: 0.1
M NaOH and 3% (w/w) aqueous solutions prepared from NaOH
pellets (99% purity) supplied by Eka Chemicals/Akzonobel (Bohus,
Sweden) and 1 and 4 M HCI aqueous solutions prepared from HCl
fuming 37% (w/w) with a purity grade for analysis bought from Merck
(Darmstadt, Germany). Ethanol 96% (v/v) and acetonitrile of HPLC
gradient purity were supplied by Carlo Erba Group (Arese, Italy), and
acetone (98% purity) was supplied by Valente & Ribeiro, Lda (Belas,
Portugal). For NaOH and HCI solutions distilled water (17 MQ
cm™") and ultrapure water (18.2 MQ cm™") were used, both produced
by the PURELAB Classic of Elga system. Paper membranes
(Whatman GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA)
and nylon filters, 0.45 yum HNPW (Merck Millipore, Billerica, MA,
USA), were used.

Acid-hydrolyzed wheat straw (130 °C, 150 min, and 1.5% H,SO,),
with a known composition (62.6 wt % glucan, 29.9 wt % lignin, 7.5 wt
% ash, and others content) was used as a standard for FTIR calibration
curves. FTIR samples were prepared with KBr (>99% trace metal
basis) purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).

IL samples for NMR spectroscopy were prepared using chloroform-
D (D, 99.8%) + silver foil (Cambridge Isotope Laboratories, Inc.,
Andover, MA, USA).

An electrolyte solution of 130 mM NaOH and 36 mM Na,HPO,
2H,0 was prepared for the capillary electrophoresis trials.
Monosaccharides (D-glucose, pD-xylose, and L-arabinose), furfural, and
5-hydroxymethylfurfural standard solutions with known concentra-
tions were used to perform a qualitative analysis. Furfural and S-
hydroxymethylfurfural solutions were prepared in a 96% (v/v) ethanol.

Biomass Pretreatment and Fractionation. The methodology
used for the wheat straw pretreatment with ILs is described as the
optimized method published elsewhere”® Pretreatments of wheat
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straw with the aforementioned ILs were performed at 120 °C for 6 h at
constant stirring. A 5% (w/w) biomass/IL ratio was chosen. To
regenerate carbohydrate-rich material, 40 mL of 0.1 M NaOH was
added to the solution mixture. The solid precipitate was recovered by
filtration and kept in an oven at 60 °C for later use. The remaining
filtrate (filtrate 1) was used to precipitate dissolved hemicellulose
(residual) by adding 96% (v/v) ethanol. The resulting solid was
filtered, and ethanol of the filtrate (filtrate 2) was evaporated. The pH
of the filtrate was adjusted to 2.0 with HCI aqueous solutions (4 and 1
M) and heated at 70 °C for 30 min to precipitate the lignin-rich
material. The remaining filtrate (filtrate 3) was later used for IL
recovery.

Hemicellulose was extracted from the dried carbohydrate-rich
material with a 3% (w/w) NaOH aqueous solution. Filtration was
performed to recover the resulting solid as a cellulose-rich material. A
96% (v/v) ethanol was added to the filtrate (filtrate 4) to precipitate
the hemicellulose-rich material, and a new filtration was performed.
The remaining filtrate (filtrate 5) was acidified with HCI solutions to
recover a residual lignin also extracted with a 3% (w/w) NaOH
aqueous solution. All recovered solid samples were placed in the oven
at 60 °C for 24 h.

For the IL recovery, filtrate 3 was neutralized with NaOH pellets.
Then, water was evaporated and a solid containing NaCl and IL was
precipitated. Subsequently, 130 mL of acetonitrile was added to
dissolve the IL, leaving NaCl as an insoluble residue, which was
removed by the filtration. Acetonitrile was removed under reduced
pressure, and the recovered IL was dried under vacuum for at least 24
h.

FTIR Spectroscopy Characterization of Fractionated Sam-
ples. For the quantitative analysis, 1.0 mg of obtained carbohydrate-
rich samples (regenerated material, hemicellulose-rich, and cellulose-
rich materials) was added to 50 mg of KBr. The same procedure was
performed for the obtained lignin-rich materials: however, only 0.5 mg
of sample was used. Milling occurred during 10 min, and samples were
pressed with 8.5 tonnes for S min. Analogous methodology of the
sample preparation was performed for all examined materials to
standardize the analysis and minimize potential analysis errors.

All spectra were scanned using an FTIR spectrometer Spectrum BX,
Perkin-Elmer, Inc. (San Jose, CA, USA). The instrument was equipped
with a DTGS detector and KBr beam splitter. The operating system
used was Spectrum software (version 5.3.1, Perkin-Elmer, Inc.). FTIR
spectra were acquired in the region of 4000—400 cm™, with a total of
64 scans and a resolution of 4 cm™" with a strong apodization. These
spectra were subtracted against the background of air spectrum and
were recorded as absorbance values.

The quantitative FTIR analysis was performed by the preparation of
two calibration curves, one for carbohydrates and one for lignin. As a
standard with the known composition of carbohydrate and lignin
contents, the acid-hydrolyzed pretreated wheat straw was used,
changing the amount for each pellet for the curves’ construction. To
minimize the error, the pellet samples were scanned three times, and
an average value was considered for the calibration curve. After spectra
acquisition, the applicability of the Beer—Lambert law was verified for
the characteristic regions of carbohydrates and lignin. The quantitative
analysis of carbohydrates was performed for the band at 898 cm™,
whereas the lignin content was analyzed through the 1503—1537 cm™
band. The validity of calibration curves was checked regularly before
each series of analysis. The sample compositions were determined as
carbohydrate (cellulose + hemicellulose) and lignin contents.

NMR Analysis of ILs. '"H NMR and "*C NMR spectra in CDCl,
solution were recorded on a Bruker ARX 400 MHz spectrometer.

FTIR Measurement of Cellulose Crystallinity. The influence of
ILs on cellulose structure was evaluated for regenerated materials and
cellulose-rich samples. The two infrared ratios were calculated, namely,
lateral order index (LOL; Ajyz7en-/Agogen—')>" and total crystallinity
index (TCL Aj376em~/Asgo0em-)->C Total height was taken for
calculations.

Capillary Electrophoresis (CE) Analysis. Capillary electro-
phoresis was used to evaluate the existence of carbohydrate
hydrolysate in filtrate 1 for the process with [bmim][HSO,]. The
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Table 1. Results of Wheat Straw Pretreatment with [bmim][SCN], [bmim][N(CN),], and [bmim][HSO,]: Regeneration,

Liquid Stream Fractionation, and IL Recovery

LE®

SE*

entry WS, mg dried WS, mg RY,? % (w/w)
[bmim][SCN] 250.3 2303 79.5
[bmim][N(CN),] 250.7 230.6 777
[bmim][HSO,] 250.3 230.3 59.6

hemicellulose-rich,” mg lignin-rich, mg IL recovery, % (w/w)

8.0 13.0 93.5
152 10.1 97.0
4.1 7.1 92.1

“SF, solid fraction. YLE, liquid fraction. “WS, wheat straw. dRY, regeneration yield. “Residual.

employed methodology was adapted from the literature.>” Separations
of standards and samples were performed with an Agilent
Technologies CE system (Waldbronn, Germany), equipped with a
diode array detector (DAD), ChemStation data software, and a fused-
silica uncoated 50 ym id. and 56/64.5 cm effective length capillary,
also from Agilent. Monitoring was carried out using direct UV
detection at wavelengths of 210 and 270 nm with a bandwidth of 10
nm. Samples filtered through a 0.45 ym membrane filter were injected
directly under a pressure of 35 mbar for 6 s at the anode (+) of the CE
system. The separation voltage was raised linearly within 1 min from 0
to 17 kV. The capillary was preconditioned between runs by flushing
with an electrolyte solution for 5 min.

Experimental Error Analysis. Standard deviation errors (u) were
calculated for all obtained results. The applied temperature in
pretreatment experiments demonstrated a u(T) = 1 °C. All mass
determinations were performed using a Mettler Toledo XS20S dual-
range scale (Germany) with a given u(m) = 0.1 mg. Pretreatment
errors were given as total loss materials for each experiment. An
arbitrary error of 5% of the experimental value was considered for the
FTIR quantitative analysis.

B RESULTS AND DISCUSSION

Pretreatment of Wheat Straw. The 6 h pretreatment of
wheat straw with three 1-butyl-3-methylimidazolium ILs at 120
°C was investigated. The use of [bmim][SCN] and [bmim]-
[N(CN),] did not allow for a complete dissolution of wheat
straw, contrary to [bmim][HSO,], with which a macroscopic
complete dissolution was determined. Similar partial biomass
dissolution with [bmim][N(CN),] was already obtained.*® In
the case of [bmim][SCN], its ability to dissolve mono-
saccharides and sugar alcohols®® as well as cellulose macro-
molecule was underscored.*® The [bmim][SCN] was found to
be incapable of dissolving wheat straw completely. This feature
could be attributed to the complexity and intricate network of
wheat straw material, which [bmim][SCN] is ineffective to
disrupt.

Among tested ILs, [bmim][HSO,] was found to be the most
efficient in the dissolution process. It is worth mentioning that
this IL apart from the others studied is characterized as a
Bronsted acidic IL.*' A strong basic anion of [emim]-
[CH;COO] was already reported as being responsible for a
complete dissolution achieved at the same conditions as
reported in this work.’® This means that the dissolution
process is certainly performed in a different manner by
[emim][CH;COO] and [bmim][HSO,].

In the regeneration process a brown and flocculated material
was precipitated after a 0.1 M NaOH addition for experiments
with [bmim][SCN] and [bmim][N(CN),]. These physical and
morphological properties are generally noticeable for the
regenerated material after the biomass pretreatment using
ILs.>>** However, in the case of [bmim][HSO,], a black
viscous solid was formed. A similar effect was already
discovered for the rice straw pretreatment with [emim]-
[HSO,].*° With the regeneration yields obtained from
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experiments with [bmim][SCN] and [bmim][N(CN),] taken
into consideration, it can be stated that high regeneration yields
(79.5 and 77.7%) were achieved. However, due to an
antisolvent used, only the carbohydrate fraction was precipi-
tated (62 wt % carbohydrate content in dried wheat straw).
This can be explained by the fact that only partial dissolution in
these ILs was noted, where the regenerated material should be
mainly composed of insoluble biomass. In the case of
[bmim][HSO,], the regeneration yield was determined to be
59.6% as depicted in Table 1. This yield seems to be in good
agreement with results found in the literature when a 0.1 M
NaOH was used as an antisolvent for sugar cane pretreatment
with [emim][Abs] (1-ethyl-3-methylimidazolium alkylbenzene-
sulfonate), where 46—55% of biomass regeneration was
attained.” Rice straw pretreatment with cholinium lysinate
gave 55.9% of regenerated material. " Previously,”® we sought
to obtain from $7.5 to 62.9% (w/w) of regenerated material
with [emim][CH;COO] at the same conditions as reported
here.

The complete dissolution of wheat straw shows that the most
efficient disruption of biomass occurred with [bmim][HSO,].
After the regeneration process, fractionation of the resulting
liquid stream and regenerated material was performed.
Nevertheless, it should be emphasized that large differences
in results were observed for the [bmim][HSO,]-assisted
experiment in comparison to other IL-assisted pretreatments.

On the basis of the increasing amount of lignin-rich content
in the regenerated material, the ILs can be placed in the
following order: [bmim][SCN] > [bmim][N(CN),] >
[bmim][HSO,], demonstrating the best capability of [bmim]-
[SCN] to obtain 13.0 mg of the lignin-rich content material.
The highest amount of residual hemicellulose was obtained in
the process with dicyanamide IL, which is almost 100% more
than in the case of thiocyanate IL and almost 300% more than
that of hydrogensulfate IL.

All studied ILs were recovered with a high yield, exceeding
significantly 90% of the initial mass used.

Results of the regenerated material fractionation containing
cellulose-rich, hemicellulose-rich, and residual lignin-rich
materials obtained with the three ILs are presented in Table 2.

Table 2. Results of Wheat Straw Pretreatment with
[bmim][SCN], [bmim][N(CN),], and [bmim][HSO,]:
Fractionation of the Regenerated Solid Material

regenerated material fractionations

cellulose-rich,  hemicellulose-rich,  lignin-rich,*
entry % (w/w) % (w/w) % (w/w)
[bmim][SCN] 834 117 2.8
[bmim][N(CN),] 75.8 55 7.6
[bmim][HSO,] 58.9 1.2 24.5
“Residual.
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[bmim][SCN] allowed the highest quantities of carbohy-
drate fractions (95.1%). The highest recovery of the residual
lignin-rich material (24.5%) was verified for the [bmim]-
[HSO,] process.

Biomass Fractionation from [bmim][SCN] and
[bmim][N(CN),] Processes. The biomass fractionation results
demonstrate a higher recovery of dissolved biomass from the
liquid stream for [bmim][N(CN),], where total material of
25.3 mg (lignin-rich plus residual hemicellulose-rich materials)
was obtained, when compared to the use of [bmim][SCN].
Therefore, higher biomass conversion and/or degradation can
be assumed during the pretreatment with [bmim][SCN], in
which highly soluble compounds (low molecular weight) are
formed, impairing the recovery.*”** Furthermore, the fractio-
nation of regenerated materials allows a higher amount of the
cellulose-rich material to be recovered in both [bmim][SCN]
(83.4%) and [bmim][N(CN),] (75.8%) experiments, com-
pared to hemicellulose and lignin fractions. The recovery of
hemicellulose-rich fractions was found to be low in both ILs.
Such a low value can be a consequence of an incomplete
dissolution of biomass in these ILs. In other studies, higher
quantities of hemicellulose were obtained due to better
fractionation of the carbohydrate-rich fraction.*** Never-
theless, the achieved results indicate that between these two
ILs, [bmim][SCN] is a more efficient IL for the biomass
fractionation as a larger amount of each fraction (cellulose-,
hemicellulose-, and lignin-rich materials) was recovered.

FTIR qualitative analysis of the obtained samples from
pretreatments with [bmim][SCN] and [bmim][N(CN),]
demonstrated similarities with the previously presented data
for [emim][CH;COO].%° Basically, for all of the carbohydrate
spectra (regenerated material, cellulose, and hemicellulose
spectra) slight differences were observed in the carbohydrate
absorption characteristic region in comparison to those
presented elsewhere,”® indicating that hemicellulose and
cellulose contents vary in these samples. An interesting fact is
that ester bonds between hemicellulose and lignin in the
regenerated material from the [bmim][SCN] experiment are
still present (presence of a band at 1734 cm™"). Partial biomass
dissolution occurring for this IL during pretreatment is
responsible for the presence of such bonds. Moreover,
[bmim][N(CN),] seems to contaminate the regenerated
material as the presence of the C—N stretching vibration
characteristic of N(CN),” is observed at the 2146 cm™" band.
Possibly an extended washing step for the regenerated material
should be performed in the process with [bmim][N(CN),]. An
analogous problem did not occur in the [SCN] IL, as this band
was not detected. With respect to both cellulose rich-materials,
bands at 998 and 1235 cm™' were almost undetectable in
comparison to the regenerated material spectra. This indicates
that celluloses obtained by pretreatments with [bmim][SCN]
and [bmim][N(CN),] are arabinan (998 cm™) and syringyl
lignin type (1235 cm™) free. The spectra of hemicellulose-rich
samples do not exhibit significant differences, contrary to the
data presented in the literature.**®

Spectra of lignin samples (including residual lignin) obtained
from the [bmim][SCN] experiment show only characteristic
bands of lignin materials. However, for the lignin sample
(residual lignin) of the [bmim][N(CN),] assay, a high
contamination of carbohydrates, namely, hemicelluloses (897,
1041, and 1079 cm™'), is observed. Furthermore, the presence
of a band at 1734 cm™' was observed, indicating the ester
linkages between hemicellulose and lignin. Therefore, [bmim]-

[N(CN),] is demonstrated to be inefficient in separating
hemicellulose from lignin during pretreatment.

Biomass Fractionation from [bmim][HSO,] Process. A
different behavior was observed for [bmim][HSO,] compared
to the previously discussed ILs. After regeneration of the
carbohydrate-rich fraction, only small quantities of lignin-rich
and residual hemicellulose-rich materials were recovered from
the fractionation of the liquid stream, despite the macroscopic
complete dissolution achieved by [bmim][HSO,]. The pH of
the liquid stream containing the IL was determined to be 1.3,
even with the addition of a basic 0.1 M NaOH solution that
usually should oscillate at a very basic region (pH 12), as
determined for other IL solutions. Therefore, this may suggest
that due to the acidic property of [HSO,], acid hydrolysis of
lignocellulosic biomass during pretreatment is facilitated.*’” In
classical acid hydrolysis, the liquid stream is normally enriched
in hydrolyzed hemicelluloses (monosaccharides and oligosac-
charides) and the solid material contains mostly cellulose and
lignin.*® As already referred, a small quantity of the lignin-rich
fraction was recovered in the liquid stream, extracted with water
during the washing step of the regenerated material (neutral
pH). A negligible amount of the hemicellulose-rich material was
also obtained as a nonhydrolyzed hemicellulose.

Fractionation of the regenerated material into cellulose,
hemicellulose, and residual lignin-rich materials in [bmim]-
[HSO,] gave the results collected in Table 2. The obtained
results demonstrate that a regenerated material is essentially
fractionated into cellulose- and lignin-rich (24.5%) fractions.
Only 1.2% (w/w) of the regenerated material was fractionated
into hemicellulose. These results confirm the occurrence of the
acid hydrolysis phenomenon, as an insignificant quantity of
hemicellulose was extracted from the regenerated material.

In fact, the hydrolytic activity associated with [bmim][HSO,]
can be explained by the high electron attraction of a weak
conjugate [HSO,] base over the [bmim] cation, allowing the
hydrolysis of the B-glycosidic bonds. To effectively confirm the
existence of the hemicellulose hydrolysis, the FTIR spectrum of
the regenerated material was compared to the spectrum of the
acid-hydrolyzed wheat straw, as shown in Figure 2. The
regenerated material spectrum (red line in Figure 2) confirms
the presence of cellulose and lignin in the analyzed samples. In
the carbohydrate characteristic region, sharp and characteristic

1702

1718

AU

1800 1600 1400 1200 1000 800
Wavenumbers (cm')

Figure 2. FTIR spectra of the regenerated material obtained in the
process with [bmim][HSO,] (red) and an acid-hydrolyzed wheat
straw (black).
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absorption vibrations of cellulose were observed (897, 1035,
1061, 1108, and 1163 cm™). The lignin content is relatively
high, because absorption bands at 1458, 1508, 1702, and 1718
cm™! are present with high intensities. Indeed, the spectrum of
the regenerated material is practically equivalent to that
observed for the acid-hydrolyzed sample (black line in Figure
2), although the band at 1224 cm™' abnormally appears as a
strong absorption. It is expected that this strong absorption can
be a contribution of the band at 1251 cm™" generally noticeable
for hemicellulose (acetyl groups), which emphasizes only a
partial hydrolysis of hemicellulose during the pretreatment with
[bmim][HSO,], confirming literature reports.31_33

The spectrum of the cellulose-rich fraction obtained in this
process demonstrates a high-purity sample. The almost
extinguished bands of lignin depict this assumption. Fur-
thermore, the fractionation provides an impressive quantity of
the “residual” lignin-rich material from a 24.5% regenerated
material. Therefore, it can be stated that cellulose and lignin can
easily be separated from the regenerated material. However, a
qualitative analysis showed that lignin is a major constituent,
despite the presence of contaminants. Nonetheless, the
obtained results confirm that vast lignin content in wheat
straw was not extracted in the liquid stream after the
regeneration process as occurred in pretreatments with other
ILs, but it was extracted from the regenerated material, as
happened in the acid hydrolysis process.

After the regeneration process, analysis of the liquid stream
was performed by the CE technique to identify the compounds
resulting from the hemicellulose hydrolysis. The results indicate
that only furfural and HMF are present, instead of
monosacharides, such as xylose or glucose. The presence of
furfural and HMF is due to the degradation process of xylose
and glucose, correspondingly. Thus, it is possible to infer that
an extended hydrolysis of carbohydrates to degradation
products during pretreatment with [bmim][HSO,] occurred.
Therefore, a 6 h pretreatment of wheat straw using [bmim]-
[HSO,] at 120 °C can be considered as harsh conditions
because only degradation products were obtained after
hydrolysis. In other studies, a 2—5 min pretreatment of corn
stalk at 100 °C with [bmim][HSO,] and (1-(4-sulfobutyl)-3-
methylimidazolium hydrogensulfate ([Sbmim][HSO,]) was
applied, achieving 23 and 15% total reducing sugars,
respectively.*” Miscanthus was also pretreated with [bmim]-
[HSO,] mixed with water at 120 °C within 2—22 h. The same
trend of the carbohydrate degradation into furfural and HMF
was also indicated for long pretreatment times.*’ Herein, the
used conditions allowed us to obtain a very extended reaction
as no monosaccharides were detected in the CE, which is a
highly sensitive technique for the detection of neutral
sugars.””* Therefore, mild conditions seem to be more
adequate to obtain the hemicellulose hydrolysis to mono-
saccharides without chemical degradation.

Purity and Composition of Obtained Fractions. The
main chemical bond vibrations of lignocellulosic materials are
identified in the region of 1800—800 cm™". Absorption bands at
1161, 1112, and 897 cm™" are attributed to both carbohydrates
cellulose and hemicellulose. Cellulose characteristic bands are
also assigned to 1376, 1061, and 1035 cm™L Bands at 1251,
1046, and 996 cm™" can be identified as solely characteristic for
hemicellulose.’®™>* Characteristic bands of lignin were
observed at 1718, 1702, 1654, 1508, 1458, 1420, 1597, 1261,
1242, 1224, 1127, and 840 cm™'>*** An additional band, such
as the vibration band at 1734 cm™, can be assigned. This band

7878

is related to ester-linked groups between hemicellulose and
lignin®® and is generally observed in the spectra of the
untreated lignocellulosic biomass. All of the aforementioned
bands are characterized in detail elsewhere.*®

FTIR spectra of the obtained postfractionation samples from
the pretreatments with [bmim][SCN], [bmim][N(CN),] and
[bmim][HSO,] were analyzed. Spectra of the regenerated
material obtained from pretreatments with [bmim][SCN] and
[bmim][N(CN),] demonstrated chiefly carbohydrate absorp-
tion bands. Slight differences in the region of 1112—896 cm ™
observed are dictated by different ratios of the carbohydrate
content (cellulose/hemicellulose) in each sample. For the
regenerated material from [bmim][SCN] experiment, the band
at 1734 cm™" is still observed, although characterized by a lower
intensity. Furthermore, an additional band appeared at 2146
cm™' that corresponds to the C—N stretching vibration of
[bmim][N(CN),]. The regenerated material obtained from the
pretreatment with [bmim][HSO,] shows different character-
istics. The spectrum demonstrated a well-defined carbohydrate
region, showing that cellulose is a major type of carbohydrate
present. The presence and the shape of the characteristic bands
at 897, 1035, 1061, 1108, 1163, and 1376 cm™' suggest this
evidence. Lignin bands are also found (1224, 1458, 1508, 1702,
and 1718 cm™") with a relatively high absorption, which are
unexpected for a spectrum of the carbohydrate rich-material.

Spectra of the fractionated cellulose-rich materials from
[bmim][SCN] and [bmim][N(CN),] pretreatments were
nearly the same as the characteristic cellulose spectrum
obtained in a previous study,® with a practical disappearance
of the arabinan characteristic band at 998 cm™ and the lignin
band at 1235 cm™". In the [bmim][HSO,] experiment, the
spectrum showed almost complete absence of the lignin
component in this sample. The band at 1420 cm™" disappeared,
and bands at 1458 and 1508 cm ™" are almost extinguished. The
lignin absorption bands at 1235 and 1260 cm™" were also very
small. The presence of 1718 and 1734 cm™' absorptions
indicates the presence of lignin and also hemicellulose as small
characteristic bands.

FTIR spectra of hemicellulose-rich materials obtained for
[bmim][SCN] and [bmim][N(CN),] are very similar, with the
only difference being the shift of bands from the region of
1112—896 cm™.

Samples of the residual-lignin material from [bmim][N-
(CN),] and [bmim][HSO,] experiments demonstrated con-
siderable differences. Lignin absorption bands at 835, 1127,
1031, 1420, 1458, 1654, 1701, and 1718 cm™! were observed
for both samples. However, the spectrum obtained for the
pretreatment with [bmim][N(CN),] shows clearly that the
residual lignin-rich material was recovered with a high
carbohydrate content (carbohydrate bands at 897, 1041, and
1079 cm™). The absorption band at 1734 cm™ indicates also
the presence of hemicellulose that remained linked to lignin.

A quantitative analysis based on FTIR measurements was
performed for each recovered solid sample to evaluate the
composition and to verify the selectivity of the used ILs, as well
as the versatility of the fractionation method. The composition
of each phase was determined as carbohydrate (cellulose +
hemicellulose) and lignin content, and the percentage of other
nonidentified material was calculated by difference. Both
cellulose and hemicellulose fractions contain more carbohy-
drates than raw biomass. Lignin obtained from the liquid
fraction exhibits an elevated purity as high as 89 wt %. Results
obtained with the use of [bmim][SCN] are shown in Figure 3,
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and those for [bmim][N(CN),] and [bmim][HSO,] are
collected in Tables 3 and 4, respectively.

Dried wheat straw
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Figure 3. Fractionation of wheat straw using [bmim][SCN].

Pretreatment with [bmim][SCN] allowed us to produce the
regenerated material with a carbohydrate content similar to that
of the raw material (57 and 62 wt %, respectively) with a 3
times lower concentration of lignin. After fractionation,
cellulose and hemicellulose fractions were enriched in the
carbohydrate content and reduced in lignin compared to the
original biomass or the regenerated solid fraction. The lignin-
rich materials obtained did not contain carbohydrates, revealing
a lignin content ranging from 72 to 89 wt % depending on the
fraction.

Pretreatment with [bmim][N(CN),] provided a regenerated
material with 68 wt % of the carbohydrate content and 11 wt %
of the lignin composition. The percentage of other compounds
present changed insignificantly when compared to the original
dried biomass. The cellulose-rich material was enriched in
carbohydrates, achieving 87 wt %. A carbohydrate content of 85
wt % was also quantified for the hemicellulose-rich sample.

In the residual hemicellulose-rich sample, low carbohydrate
content was detected due to a large impact of other
compounds. Furthermore, as presented in Table 3, the residual
lignin is contaminated by hemicellulose and it is constituted by
a 1:1 lignin/carbohydrate composition. As aforementioned,
these data can be explained by only a partial dissolution of
biomass in this IL.

The data depicted in Table 4 obtained from the [bmim]-
[HSO,] experiment demonstrated a different manner of
pretreatment and fractionation of biomass. In the liquid stream
small quantities of lignin-rich and residual hemicellulose-rich
materials obtained impeded the performance of the FTIR
quantitative analysis. The cellulose-rich material shows a 90 wt
% carbohydrate content, the most enriched carbohydrate
sample achieved in all performed pretreatments in this work.
The major lignin fraction is obtained as a “residual” lignin-rich
material, once a small quantity was extracted in the liquid phase
after the regeneration process. Such an occurrence is related to
the similarity to the acid hydrolysis observed for the process
with [bmim][HSO,]. However, only a 62 wt % lignin content
was determined for this sample even with no trace of
carbohydrates. For the hemicellulose-rich material, an insignif-
icant quantity was recovered; thus, [bmim][HSO,] catalyzes
the hemicellulose hydrolysis and, therefore, a major hemi-
cellulose content was degraded to furfural and dissolved in the
liquid stream during the pretreatment process.

Influence of ILs on Pretreatment, Lignin Removal,
and Cellulose Crystallinity. Pretreatment of biomass with
different ILs shows that each IL can be dedicated to originating
different fractions characterized by a high purity. Still, it is
important to point out that a major influence of ILs on biomass
pretreatment can be associated with the purity/quantity of the
regenerated material obtained for each process. Compared to
the previously published results,® it can be concluded that
[emim][CH;COO] demonstrates the best performance in the
regeneration of carbohydrates (81 wt % carbohydrate content)
among the ILs tested in this work. However, only 57% (w/w)
of the original biomass was recovered, whereas in the case of
the other ILs such values varied from 60 to 80% (w/w),
although a lower content of carbohydrates is associated.
Nevertheless, the results show that each regenerated material
had a similar or higher amount of carbohydrates recovered
relative to raw wheat straw and is also accompanied by the
decreased concentration of lignin.

Herein, a similar effect can be attributed to [emim]-
[CH,COO], [bmim][SCN], and [bmim][N(CN),] regarding
the extent of lignin removal from the original biomass. The
strong basicity of anions allows for the extraction of lignin from

Table 3. FTIR Quantification of Fractionated Samples Using [bmim][N(CN),]

composition

carbohydrates lignin others
entry mg wt % mg wt % mg wt % total, mg

dried wheat straw 143.0 62 41.5 18 46.1 20 230.6
RM* 1219 68 19.7 11 37.7 21 179.3

solid fraction cellulose 102.4 87 9.4 8 5.9 S 117.7
hemicellulose 7.2 85 0.8 9 0.5 6 8.5

ligninb 4.5 38 4.5 38 2.8 24 11.8

liquid fraction lignin NQ° NQ NQ NQ NQ NQ 10.1
hemicellulose” 8.4 55 02 1 6.6 44 152

“RM, regenerated material. "Residual. “NQ, not quantified.
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Table 4. FTIR Quantification of Fractionated Samples Using [bmim][HSO,]*

composition
carbohydrates lignin others
entry mg wt % mg wt % mg wt % total, mg

dried wheat straw 142.8 62.1 41.5 18.1 46.0 20.0 230.3
RM” 87.7 63.9 27.4 20.0 22.0 16.1 137.1

solid fraction cellulose 66.6 90.0 22 3.1 52 7.0 74.0
hemicellulose NQ° NQ NQ NQ NQ NQ 1.5

lignind 0.0 0.0 19.1 62.0 11.7 38.0 30.8

“Liquid fraction was not quantified. "RM, regenerated material. “NQ, not quantified. “Residual.

the liquid solution during the pretreatment. In the case of
[bmim][HSO,], an increased lignin content in the regenerated
material is observed as a consequence of the acidic property of
the IL that not only promotes the hydrolysis phenomenon but
also avoids lignin extraction to the liquid stream.

There is a correlation between lignin removal and
crystallinity reduction of cellulose.”® FTIR crystallinity indices
LOI and TCI demonstrate a slight decrease of cellulose
crystallinity after pretreatment with the tested ILs. LOI is given
by a ratio between 1427 cm™ (CH, scissoring motion) and 898
cm™" bands. TCI is given by a ratio between 1376 and 2900
em™ (CH and CH, stretching). Pretreatment experiments
allowed us to decrease slightly the LOI of cellulose in the
fractionated samples (regenerated materials and cellulose-rich
fractions) in comparison to the native and acid-hydrolyzed
wheat straw and to the standard cellulose. For regenerated
materials TCI was observed to have a relevant decrease,
whereas for cellulose-rich samples an insignificant change was
verified (Table S).

Table S. Crystallinity Indices of Regenerated Materials and
Cellulose-Rich Fractions Obtained in Pretreatment
Experiments as well as Native and Acid-Hydrolyzed Wheat
Straws and a Standard Cellulose

crystallinity index

entry LOI* TCI®
[bmim][SCN] RM® 1.65 1.03
cellulose 1.59 1.09

[bmim][N(CN),] RM 1.58 1.05
cellulose 1.54 1.08

[bmim][HSO,] RM 1.55 1.01
cellulose 1.55 1.12

wheat straw untreated 1.74 1.13
acid hydrolyzed 1.68 1.07

cellulose standard 1.69 1.11

“LOI lateral order index. TCI, total crystallinity index. “RM,
regenerated material.

The highest reduction of cellulose crystallinity could be
related to the complete dissolution achieved with [bmim]-
[HSO,]. For [bmim][SCN] and [bmim][N(CN),], the ability
to reduce the cellulose crystallinity could be compromised by
the incomplete biomass dissolution observed for these ILs.

NMR Analysis of ILs. The purity of ILs before and after
pretreatments was verified using 'H and *C NMR techniques,
revealing that pretreatment did not alter the NMR spectra of
used ILs. The determined chemical shifts are as follows:
[bmim][SCN] 'H NMR (400 MHz; CDCl;) 6 0.94 (t, 3H,
CH,CH,); 138 (m, 2H, CH,CH,CH,); 1.90 (m, 2H,
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CH,CH,CH,); 407 (s, 3H, NCH,); 4.30 (t, 2H, NCH,);
7.52 (d, 2H, NCHCHN); 9.27 (s, 1H, NCHN). *C NMR
(CDCl;) 6 1344 (CH,;CH,); 19.47 (CH,CH,CH,); 32.06
(CH,CH,CH,); 3572 (NCH,); 50.09 (NCH,); 122.40
(NCHCHN); 123.84 (NCHCHN); 136.56 (NCHN). [bmim]-
[N(CN),] 'H NMR (400 MHz; CDCl;) & 095 (t, 3H,
CH,CH,); 136 (m, 2H, CH,CH,CH,); 1.88 (m, 2H,
CH,CH,CH,); 4.00 (s, 3H, NCH,); 422 (t, 2H, NCH,);
7.41 (d, 2H, NCHCHN); 9.17 (s, 1H, NCHN). *C NMR
(CDCL,) & 1328 (CH,CH,); 19.35 (CH,CH,CH,); 31.85
(CH,CH,CH,); 3647 (NCH,); 49.94 (NCH,); 122.28
(NCHCHN, N(CN),); 123.68 (NCHCHN); 136.33
(NCHN). [bmim][HSO,] 'H NMR (400 MHz; D,0) § 0.75
(t, 3H, CH,CH,); 1.15 (m, 2H, CH;CH,CH,); 1.66 (m, 2H,
CH,CH,CH,); 3.72 (s, 3H, NCH,); 4.03 (t, 2H, NCH,); 7.28
(d, 2H, NCHCHN); 8.54 (s, 1H, NCHN). *C NMR (D,0)
12.55 (CH,CH,); 18.67 (CH,CH,CH,); 31.19
(CH,CH,CH,); 35.54 (NCH;); 49.20 (NCH,); 122.13
(NCHCHN); 123.40 (NCHCHN); 135.77 (NCHN).
Capillary Electrophoresis Analysis. As aforementioned
almost no hemicellulose was recovered in the process with
[bmim][HSO,]. Therefore, a CE technique was used to verify
the existence of hemicellulose hydrolysis mediated by [bmim]-
[HSO,]. A sample of filtrate 1 from the process with
[bmim][HSO,] was analyzed and compared to pure [bmim]-
[HSO,] as well as to glucose, xylose, arabinose, furfural, and
HMF standards. Electropherograms of all samples were
acquired with a UV direct detection at 210 and 270 nm for
30 min. Results demonstrating the examined sample, pure
[bmim][HSO,], furfural, and HMF standards are shown in
Figure 4. At 210 nm the signals for pure [bmim][HSO,] were
detected at 5.6 and 10.6 min migration times with regard to
[bmim]* and [HSO,]”, correspondingly. The sample demon-
strates not only the presence of [bmim][HSO,] detected at 210
nm but also other compounds that are identified at 270 nm.
The latter are not related to IL because this is not detected at
270 nm. Furfural (11.0 min) and HMF (124 min) were
identified as being present in the sample by comparison to the
authentic standard solutions at 270 nm. Moreover, co-injection
of furfural and HMF standard solutions with the sample was
tested, and signals at the same migration times with increased
absorption areas were identified. Monosaccharides, such as
glucose, xylose, and arabinose, were not detected in the sample.
Despite preliminary reports on biomass dissolution and
hydrolysis with [bmim][HSO,],***” [bmim][HSO,] was tested
in this investigation to evaluate a subsequent fractionation,
which could be advantageous due to its inherent acidic
properties. Regardless of a relatively low solubility of
carbohydrates and wood biomass in [bmim][N(CN),],'>?®
the effect of this IL on biomass pretreatment was also studied
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Figure 4. Electropherograms showing the profile for (a) diluted pure
[bmim][HSO,] (1/S) at 210 nm, (b) sample of filtrate 1 from the
process with [bmim][HSO,] at 210 nm, (c) diluted pure [bmim]-
[HSO,] (1/5) at 270 nm, (d) furfural and HMF identified in the
sample at 270 nm, and (e) furfural and HMF standard solutions at a
wavelength of 270 nm. See text for CE separation conditions.

to verify the synergetic effect of the biomass matrix on the
dissolution in this IL. Additionally, [bmim][SCN] was selected
to be tested in this method due to promising solubilities of
carbohydrates in this IL.>’ To the best of our knowledge, this is
the first study of the biomass pretreatment where [SCN]-based
IL is applied.

IL Recovery. From an evaluation of the IL recovery of
tested ILs, it can be concluded that the established recovery
process was sufficient for the examined ILs. The obtained IL
recovery yields were high, exceeding 90% (w/w) of the initial
IL mass used. Special attention should be drawn to the
[bmim][N(CN),] experiment that allowed a 97% (w/w) IL
recovery to be achieved.

In conclusion, [bmim][SCN] and [bmim][N(CN),] dem-
onstrate only a partial dissolution of biomass, whereas complete
dissolution was attained for [bmim][HSO,]. By using [bmim]-
[SCN] and [bmim][N(CN),] in wheat straw pretreatment, the
biomass recovery and the purity of each fractionated sample
can be tuned, demonstrating a great flexibility of the developed
process. Pretreatment with [bmim][SCN] can be used to
produce a high-purity lignin, whereas [bmim][N(CN),] is
more adequate to perform a more selective recovery of
carbohydrate materials such as cellulose and hemicellulose
fractions.

A different behavior was observed for [bmim][HSO,], which
shows a great capability to hydrolyze hemicellulose; thus, an
extended degradation was detected for this process. It can be
assumed that optimized conditions allow hemicellulose
hydrolysis without degradation to furfural and HMF to be
performed.

After pretreatment, ILs were recovered up to 97% (w/w) of
the initial mass. Therefore, the developed process is advanta-
geous as a high IL recovery yield is obtained for all tested ILs.
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