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Highlight

Sugarcane bagasse was pretreated with acidic ionic liquid and dilute sulfuric acid, high furfural yield was found
at high ionic liquid concentration, high pentose yield was found at 46.4 wt.% ionic liquid concentration, a liquid
fraction richer in pentose was found for the ionic liquid treated biomass, and the biomass pretreatment can be
tuned to produce pentose or furfural using lonic liquid.

Abstract

Dilute sulfuric acid and acidic ionic liquids are pretreatment methods used to selectively hydrolyze hemicellulose
from lignocellulosic biomasses. In this work, a comparison between these techniques is carried out by treating
sugarcane bagasse both with 1-ethyl-3-methylimidazolium hydrogen sulfate at different ionic-liquid and water
contents and with H2S04 at the same conditions and equivalent ionic liquid molar contents. Results from the use
of ionic liquid showed that it was possible to tune the biomass treatment either to achieve high hemicellulose
hydrolysis yields of 72.5 mol% to very low furan and glucose co-production, or to obtain furfural at moderate
yields of 18.7 mol% under conditions of low water concentration. In comparison to the use of ionic liquid, sulfuric
acid pretreatment increased hemicellulose hydrolysis yields by 17%, but the 8.6 mol% furfural yield was also
higher, and these yields were obtained at high water concentration conditions. Besides, no such tuning ability
of the biomass treatment conditions can be made.
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Introduction

Sugarcane bagasse, which is predominantly composed of cellulose, hemicellulose, and lignin [1], is the main by-
product of the sugar/ethanol industry. This waste material is available in vast amounts and can be used for the
production of high value-added products such as glucose, xylose furans, and other commaodities [1-3]. The sugars
glucose and xylose resulting from the enzymatic hydrolysis of cellulose and hemicellulose can be used
in fermentation processes to produce fuel and chemicals [1,4-7]. Depending upon the biomass, pretreatment
choice, and operational conditions, the cellulose-derived glucose can be transformed into 5-hydroxymethyl-
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furfural (5-HMF) [2],and xylose can be transformed into furfural [3]. Because both furfural and 5-HMF are
versatile chemical platform molecules in the biofuel and petrochemical industries [8], much effort has been
devoted to converting biomass into these building-block molecules [2,9]. Lignocellulosic biomass can be pre-
treated by several techniques to produce high value chemicals and fuels [3,10]. Pre-treatment with dilute sulfuric
acid to selectively hydrolyze hemicellulose is the classic, most cost-effective reference method [3,10,11],
reaching up to 85% of theoretical yield [5] and in some cases more than 95% [6]. However, this process has
important drawbacks such as low selectivity and the formation of sugar dehydration products (e.g., furfural and
5-HMF), resulting in a highly impure and toxic pentose stream [12]. Besides, the sulfuric acid pre-treatment that
has also been used to promote dehydration of xylose to furfural requires both the use of expensive construction
materials to minimize corrosion, and the disposal of neutralization salts [6,10,13]. There is therefore great
industrial interest in the development of more advanced processes for the production of a pentose syrup with
very low furfural contamination and for the production of furfural in high yields without the use of sulfuric acid.
Advances may come from a process option that avoids the detrimental industrial use of sulfuric acid and, more
importantly, that enables the production of cleaner xylose or furfural currents more suitable to processing via
biochemical or chemical pathways to higher value molecules.

lonic liquids (ILs), particularly imidazolium based ILs, are an advantageous alternative to the use of sulfuric acid
as they dissolve lignocellulosic biomass and can be used to convert biomass polysaccharides directly to furans
[3,12,14]. ILs are made up of countless combinations of anions and cations and present highly tunable properties
such as hydrophobicity, polarity, acidity, and miscibility with other solvents. Moreover, significant advances
concerning the separation of biomass hydrolysis products from IL and the recovery of IL have been made, thereby
decreasing the cost of using IL [15]. Acidic ILs have garnered special attention as they can act as both solvent and
catalyst, selectively hydrolyze hemicellulose at high yield [16], and increase cellulose hydrolysability [17,18].
Novel superacid ILs have consequently been developed that improve hydrolysis of hemicellulose and its
subsequent conversion to furfural [12]. In spite of the aforementioned wealth of information on the applications
of IL for biomass processing, no thorough study has yet been done comparing hemicellulose hydrolyses from
lignocellulosic biomass by acidic IL with the classic dilute sulfuric acid method. In the few studies found
in the literature, the biomass used were either commercial hemicellulose [19] or cellulose [20]. Moreover,
the sulfuric acid concentrations used in these studies were extremely low, less than 0.5 wt.%, which are
inadequate to hydrolyze hemicellulose from lignocellulosic biomass since they result in low hydrolysis yields
or require high temperatures (higher than 120°C) and/or treatment time longer than 1.5h to give hydrolysis
yields higher than 50 mol% [21]. Accordingly, this work evaluated the treatment of sugarcane bagasse with
the acidic IL 1-ethyl-3-methylimidazolium hydrogen sulfate ([EMIM][HSO4]) in reaction mixtures presenting
different ionic liquid and water contents. Results were compared to those obtained by treating the biomass,
at the same temperature and time conditions, with dilute H2SO4 at the same molar content and similar
concentration of the IL at the studied mass fraction of 6.5 wt.%, which corresponded to a sulfuric acid mass
fraction of 5.6 wt.%. As expected, treatment with dilute sulfuric acid resulted in a pronounced hydrolysis
of hemicellulose into xylose, nevertheless the liquid stream was also highly and undesirably contaminated with
furfural and glucose. However, the use of ([EMIM][HSO4]), besides resulting in hemicellulose hydrolysis into
pentoses at high yield (69.2 mol%), presented a minimum of furfural, 5-HMF, and glucose contamination.
Moreover, it was observed that the use of ([EMIM][HSO4]) could be tuned, under conditions of low water
content, for furfural production with a yield of as much as 18.7 mol%. Tuning is a valuable feature of the IL
process that is not obtainable for the dilute sulfuric acid method.

Materials and methods

Biomass and chemicals

Sugarcane bagasse was milled to particles up to 0.5 mm in a knife mill (IKA WERKE GmbH & Co, Staufen, Germany)
and kept dry at room temperature. The ionic liquid [EMIM][HSO4] for the biomass treatment was purchased from
lonic Liquid Technologies GmbH in Heilbronn, Germany. The reagent presented 99% purity grade and water
content of 1693.8 ug/g as determined by a volumetric Karl-Fischer titration method. Sulfuric acid of analytical
grade was purchased from Panreac Quimica (Barcelona, Spain). The HPLC analysis standards, glucose, xylose,
arabinose, furfural, and 5-HMF were purchased from Sigma Aldrich (St. Louis, USA). Deionized ultrapure Milli-Q
grade water was used for the HPLC analysis and for the biomass treatment assays.

Biomass characterization
Biomass humidity was estimated according to the NREL/TP-510-42621 method [22]. Biomass characterization
was performed by total acidic hydrolysis following the NREL/TP-510-42618 procedure [23]. The residual non-
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hydrolyzed biomass was determined gravimetrically after incubation in a glass crucible at 100°C for 16h. The ash
content was also determined according to the NREL/TP-510-42622 [24] procedure by igniting the non-hydrolyzed
biomass at 550°C for 16 h. The acid-insoluble lignin content was assumed to be the difference between the non-
hydrolyzed biomass and the ash content. All biomass characterizations were performed in triplicate.

Table 1. Mass composition (wt.%) of the reaction mixtures (dry mass of ionic liquid, dry mass of biomass and water) for
the sugarcane bagasse treatment. Also showing control mixtures without catalyst at three representative biomass mass
fractions. Source: Authors results.

[EMIM][HSO4] Sugarcane biomass Water
0.0 3.9 96.1
0.0 5.7 94.3
0.0 10.9 89.1
6.2 9.0 84.8
6.5 5.3 88.2
41.0 3.8 55.2
44.6 10.7 44.7
46.4 7.2 46.5
46.5 7.1 46.4
64.1 5.9 30.0
68.5 6.3 25.2
73.6 6.7 19.7
78.0 7.2 14.8
85.2 8.9 5.8

Biomass Treatment
= lonic liquid treatment

The mass composition (mass fraction) of the reaction mixtures (water, biomass, and IL) for sugarcane bagasse
treatment is presented in Table 1. Four hundred milligrams of sugarcane biomass were treated with increasing
IL and varying biomass concentration. The amount of IL and ultrapure Milli-Q grade deionized water that had
to be added, to achieve the desired concentrations, was calculated considering the IL and biomass water
contents, see the following section for calculation formulae and their deduction. The reaction mixtures were
incubated for 83 minutes at 125°C in sealed flasks immersed in an oil bath under constant agitation [14,25].
These conditions were chosen based on a previous study that determined the optimum conditions to obtain
xylose from wheat straw biomass with the similar IL 1-butyl-3-methylimidazolium hydrogen sulfate
[BMIMI][HSOa4] [14]. After cooling, unless the reaction mixtures already presented IL concentrations lower than
28.8 wt.%, a known amount of deionized water was added as an anti-solvent in order to reach a final IL
concentration in the liquid phase of 28.8 wt.%. This threshold IL concentration prevented the IL interference in
the subsequent sugar analysis [14]. For all treatments, the total mass added was recorded and it was assumed
that no mass was lost by vaporization. The reaction mixture was filtered with a 0.45 um nylon filter. The filtrate
density was estimated by weighing a known volume of the solution in a pre-weighed volumetric flask and kept
under refrigeration until its sugar composition determination by HPLC. The solid residue was washed with
deionized water for the removal of soluble materials, dried for 20h at 70°C, and kept at room temperature.
The yield of solid residue was determined gravimetrically, and its chemical composition analyzed using the same
procedure applied to the untreated biomass as already described.

=  Biomass, ionic liquid and water contents calculations
The amounts of biomass, IL and water added to achieve the reaction mixtures compositions presented in Table
1 were calculated as follows:
The biomass mass fraction, [Biomass], in the reaction mixture is described by equation (1).

dmB
mIL + mB + mw

(1) [Biomass] =
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Where dmB is the dry mass of biomass added, miL is the mass of IL to be added, mw is the mass of water to be
added, and mB is the mass of biomass added, in this case, set in 400 mg.
The IL mass fraction in the reaction mixture, [IL], is described by equation (2).

dmliL
mIL + mB + mw

() [IL] =

Where dmiL is the dry mass of the IL added. Equations (1) and (2) can be rearranged in the following:

dmB
(3a) [Biomass] =mIL + mB + mw
and
(3b) mil _ 1L+ mB +
A m mB + mw

Equaling equations 3a and 3b and rearranging the following equation is deduced:

_[IL] x dmB

dmiL =
m [Biomass]

(4)

The IL and biomass dry masses are their masses subtracted from their respective mass of water.
(5a) dmiL = mIL — wiL

and
(5b) dmB = mB —wB

Where wiL and wB are their respective mass of water. However, wiL and wB are respectively the product of IL
and biomass masses with their respective water content or humidity (h/L and hB).

(6a) wIL = mIL X hIL
and

(6b) wB = mB X hB
Therefore,

(7a) dmIL = miL x (1 — hiIL)
and

(7b) dmB = mB X (1 — hB)

Substituting equations (7a) and (7b) into equation (4) the following expression is deduced:

(8) _ [IL] xmB y 1—-hB
" [Biomass] " 1 — hIL
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The mass of water to be added can be then, derived from equation (1)

(9) dmB

mw —mB —mliL

- [Biomass]

Once theintended [IL] and [Biomass] are established, the ILand biomass humidities determined, and the biomass
load set, the masses to be added of IL and water are calculated by equations (8) and (9).

= Dilute sulfuric acid treatment

In order to compare the biomass treatment with the acidic IL [EMIM][HSO4] with the classic dilute sulfuric acid
treatment, a different set of sugarcane bagasse biomass was treated with dilute sulfuric acid at the same molar
content and concentration that was used for the ionic liquid treatment at mass fraction of 6.5 wt.% — that is,
the concentrations either IL or sulfuric acid were set in 6.7 wt.%, which corresponded respectively to an IL
and sulfuric acid mass fractions of 6.5 and 5.6 wt.%, see section below. The reaction mixture was incubated
at 125°C for 83 minutes and deionized water was added to achieve a final liquid mass content of 10 g.
The reaction mixture was then processed as already described for the treatment using IL.

= Sulfuric acid, water, and biomass content calculations.

For the design of the aforementioned comparative conditions, it was sought the same IL and sulfuric acid molar
content, as well as the same concentration in the liquid phase of both chemicals, following the same rationale
of previous works [19,20]. This approach secured comparative reaction conditions as the use of the same mass
fraction for [EMIM][HSOa4] and H2SO4would result in different concentrations of the reagents in the liquid phase
as IL and sulfuric acid have different molar masses of 197.97 and 98.08 g/mol, respectively. The desired working
conditions were designed as follows: (i) it was set the initial IL and biomass concentrations and considering
the biomass load it was calculated the corresponding amount of IL; (ii) it was calculated the mass of the sulfuric
acid solution corresponding to the same IL molar content; (iii) it was calculated the mass of the final solution
for the same IL concentration; (iv) it was calculated the amount of deionized water to be added to achieve
the mass of the final solution, considering the amount of water brought along with the biomass; (v) finally,
the sulfuric acid and biomass concentrations were recalculated . The calculation and formulae deduction are
described in the following:

The IL concentration in the liquid phase (c/L) is given by:

dmliL
(10) oL = it
mIL + wB + mw

The biomass concentration in the liquid phase (cB) is given by:

(11) cB=—9m8
mIL+wB+mw

The required IL dry mass (dmlL) to a given ciL, cB, and biomass dry mass load (dmB) can be deduced by analogy
of the deduction of equation (4) as described previously:

(12) _ [elL] x dmB

dmliL
mn cB

The IL and sulfuric acid molar contents (n/L and nsa) are given by the ratio of their masses (dmlL and msa) to their
respective molar masses (MMIL and MMsa):

(13a) _dmliL
T MMIL
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and

(13b) _ msa
nsa MMsa

If niL is equal to nsa, then (13a) = (13b) and msa can be derived after rearrangement;

(14) dmliL

The sulfuric acid mass (msa) is the product of the mass of the sulfuric acid solution (msasol) to the concentration
of sulfuric acid in the solution (csas):

(15) msa = msasol X csas
Substituting equations (12) and (15) into (14), msasol, the mass of sulfuric acid that gives the same IL molar
content can be derived:

(16) l—dex clL XMMsa
MSAsot === " MMIL * csas

However, it is also desired that the IL and sulfuric acid concentrations in the reaction mixture (c/L and csar) are
the same. The csar is given by the expression:

(17) csar = msd
msasol + wB + mw

Substituting equation (15) into (17) and making csar = clL, the mass of water needed to satisfy this condition can
be calculated by:

csas

(18) o
clL

mw = msasol X ( 1) — wB

However, the biomass concentration no longer holds, and it must be recalculated by the expression:

(19) ofB = dmB

" msasol + wB + mw

Where cfB is the final biomass concentration in the reaction mixture. To calculate their respective mass fractions,
the term wB must be replaced by mB, the mass of biomass, in equations (10), (11), (17) and (19).

Once the initial conditions are set, the amount of sulfuric acid solution and water needed to satisfy the conditions
of equal molar content and concentrations can be calculated by these formulae however, it is not possible
to keep the same biomass concentration. This approach differs from those previous works, where similar
biomass load and concentrations of IL and sulfuric acid or similar biomass load and presumed [H*] concentrations
were kept [19,20].

Sugar, furans and acetic acid analysis

The composition of the liquid stream of the IL or sulfuric acid treated biomass was determined by HPLC. Glucose,
xylose, arabinose, acetic acid, furfural, and 5-HMF were identified against standards and quantified
by the construction of standard analytical curves in the range of 0.5 to 20.0 g/L for glucose, xylose, and arabinose,
0.5 to 3.0 g/L for acetic acid, and 0.1 to 4.0 g/L for furfural and 5-HMF. HPLC analyses were performed using an
Agilent Technologies Liquid Chromatographer 1100 Series System (Santa Clara, CA, USA) equipped with a diode
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array for furans and refractive index detectors for organic acids and monosaccharides. It was used with
an Aminex HPX-87H column (Bio-Rad, USA) in combination with a cation H*-guard column (Bio-Rad, USA). Elution
was performed with H25S04 5 mmol-L at 50°C with a flow rate of 0.6 mL-min! for liquors obtained by the biomass
treatment with IL and dilute acid and a flow rate of 0.4 mL-min’! for the analysis of total acidic hydrolysates.

Calculation of the relative composition of the liquid phase

The relative composition regarding the glucose, pentose, furans and acetic acid mass contents was calculated
using formulas (20) and (21). Firstly, the normalized mass content of each component (Ci) was calculated
by dividing the component mass content (mi) by the amount of dry biomass used (dmB). Its relative amount (Ri)
was calculated by dividing it by the sum of the normalized content of each component, automatically by the MS
Excel software.

(20) Ci (wt.%) = 100 x

dmBi

@ o) — 100 x
Ri (%) = 100 X 5

Polysaccharide hydrolysis yield, furans and acetyl yields calculation

Polysaccharide hydrolysis yields were calculated using formulas (22) and (23) for glucan and arabinoxylan,
respectively, where YG is the glucan hydrolysis yield (Glucose yield), Gb is the glucan content in the dry biomass,
YAX is the arabinoxylan hydrolysis yield (Pentose yield), AXb is the arabinoxylan content in the dry biomass,
and 90 and 88 are factors representing the conversion of sugar content into its respective polysaccharide
equivalent.

(22) mglucose 90
Y %) = —— X —
G(mol%) ==1"8 % b

(23) YAX(mol%) — (marabinose + mxylose) x 88

dmB AXb

Furans and acetyl production yields were calculated similarly according to formulas (24), (25) and (26), where
YHMF, YF, YAc are the respective yields of 5-HMF, furfural, and acetyl production. The numbers 128.7, 137.3
and 71.7 are conversion factors relating furans and acetic acid to their corresponding polysaccharide equivalent.
Acb is the biomass acetyl content.

(24) myyr 128.7
YHMF %) = —_

(mol%) = gmp ™ Gb

(25) Meyrpural  137.3

YF %) =

(mol%) == mB * axb

(26) 0 _mHAc 71.7
YAc (mol%) = iy X—Acb

Results

Biomass Composition

Sugarcane bagasse composition, with a humidity of 5.8+0.6 wt.%, was as follows: 36.9+0.5 wt.% glucan, 22.1+0.3
wt.% xylan, 2.6+0.2 wt.% arabinosyl group (corresponding to 24.7 wt.% arabinoxylan), 3.9+0.5 wt.% acetyl
groups, 21.840.2 wt.% lignin, 4.5+1.1 wt.% ash, and 8.2 wt.% of others (all data on a dry weight basis).
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Table 2. Composition of the liquid phase resulting from sugarcane bagasse treatment with [EMIM][HSO4] or dilute H,SO4

at 125°C for 83 minutes at the indicated catalyst and biomass mass fractions and of control experiments without catalyst

at three representative biomass mass fractions. Results are presented as gram of the component per 100 g of treated dry
biomass and show at least, one significative algorism. Source: Authors results.

Catalyst | Catalyst | Biomass | Component content (wt.% dry biomass)
mass mass
fraction | fraction | Glucose | Xylose | Arabinose | Furfural | 5-HMF | Acetic Acid
(wt.%) (wt.%)
0.0 10.9 0.2 0.07 0.2 0.00 0.00 0.14
0.0 5.7 0.2 0.07 0.2 0.00 0.00 0.11
0.0 3.9 0.2 0.06 0.2 0.00 0.00 0.10
6.2 9.0 0.3 6.6 1.6 0.02 0.01 2.3
g 6.5 5.3 0.3 6.8 1.6 0.03 0.02 2.4
L2 41.0 3.8 1.2 17.5 2.0 0.5 0.02 4.2
§ 44.6 10.7 1.0 15.5 1.9 0.4 0.02 4.1
s 46.4 7.2 0.9 16.3 2.0 0.3 0.02 4.2
w 64.1 5.9 1.3 15.8 2.0 0.8 0.03 4.0
68.5 6.3 1.3 15.1 2.0 1.0 0.04 4.1
73.6 6.7 1.2 14.1 1.9 0.7 0.03 4.1
78.0 7.2 1.1 12.9 1.6 1.1 0.04 3.9
85.2 8.9 1.0 7.5 1.4 3.4 0.08 2.1
H2S04 5.6 16.1 3.3 20.4 2.4 1.5 0.03 4.3

Liquid phase composition and hydrolysis vield

Composition of the liquid phase resulting from sugarcane bagasse treatment with [EMIM][HSO4] or dilute H2SO4
at 125°C for 83 minutes at different catalyst and biomass mass fractions and that of control experiments without
catalyst at three representative biomass mass fractions are shown in Table 2, and their relative composition
in Figure 1. Table 3 shows the polysaccharide hydrolysis yields, and the furans and acetic acid production yields.
Treatments without catalysts resulted in a low overall sugar content in the liquid phase with predominance
of arabinose and glucose regardless the biomass mass fraction (Figure 1 and Table 2). Moreover, as their
hydrolysis yields were very low (Table 3), it suggests that no auto-hydrolysis occurred at any biomass
concentration, and probably that, these solubilized sugars are extractives components or hemicellulose labile
structures. Quantitative acidic hydrolysis of these liquid fractions showed no further increment in the sugars
content, suggesting the absence of extracted oligosaccharides.

Glucose and 5-HMF

Regarding glucose and 5-HMF, it was observed in the IL reaction mixtures a low glucose content and negligible
degradation into 5-HMF whose maximal yield was of 0.3 mol% at IL mass fraction of 85.2 wt.%. The glucose mass
content corresponded to 0.3 wt.%, (yield of 0.8 mol%) at IL mass fractions of 6.2 and 6.5 wt.%, increased to 1.3
wt.% (yield of 3.2 mol%) at IL mass fraction 68 wt.% and declined as the IL mass fraction increased. Glucose
contributed to the range of 3.0 to 6.4% of the total solute mass, increasing its contribution as the IL mass fraction
increased, reaching its highest value of 6.4% for the IL mass fraction of 85.2 wt.%. When treated with dilute
sulfuric acid, glucose mass content was of 3.3 wt.% (yield of 8.0 mol%) and contributed to 10.3% of solute’s total
mass. The liquid phase resulting from dilute acid treatment presented 2.5-fold more glucose than those resulting
from IL treatment. Negligible amounts of 5-HMF were formed for the biomass treatment with either
[EMIM][HSO4] or dilute sulfuric acid. The results indicate that the liquid phase obtained from dilute acid
treatment is at least 1.6-fold richer in and contains at least 2.5-fold more glucose than those obtained from IL
treatment.

Acetic Acid

The acetic acid mass contents and production yields in the liquid phase increased substantially in the presence
of 6.2 wt.% of IL, from 0.10 wt.% (1.8 mol%) to 2.3 wt.% (41.8 mol%), rose to 77.2 mol% at 41.0 wt.% of IL, peaked
at 46.4 wt.% of IL (78.5 mol%) and started to decrease slightly as the IL mass fraction increased. The mass
contribution in the liquid phase was relatively constant (20%), and the acetic acid content increased contribution
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in the liquid phase was relatively constant (20%), and the acetic acid content increased proportionally
to the increase of all other components. At 85.2 wt.% IL its mass content, production yield and mass contribution
decreased sharply, suggesting mass loss due to degradation or vaporization. When treated with 5.6 wt.% sulfuric
acid, the acetic acid yield was as high as those obtained for treatment with IL at 46.4 wt.% but with a mass
contribution of 13.5% against 17.9%, probably due to the increased pentose and glucose yields (Tables 2 and 3
and Figure 1).

Table 3. Glucan and hemicellulose hydrolysis yields after sugarcane biomass treatment with [EMIM][HSO4]
for 83 min at 120°C at several IL and biomass mass fractions. Biomass treatment with dilute H,SO4
at the same conditions are shown for comparison. Sugar, acetyl and furans yields were calculated
as described in Materials and methods. Source: Authors results.

Catalyst | Catalyst | Biomass | Component hydrolysis yield (mol%)
mass mass
fraction | fraction Glucose | 5-HMF | Xylose | Arabinose | Pentoses | Furfural Acetyl
(wt.%) (wt.%) group
0.0 10.9 0.4 0.0 0.3 8.2 1.1 0.0 2.7
0.0 5.7 0.5 0.0 0.3 7.2 1.0 0.0 2.0
0.0 3.9 0.4 0.0 0.2 6.9 1.0 0.0 1.8
6.2 9.0 0.8 0.1 26.1 53.9 29.1 0.1 41.8
_ 6.5 5.3 0.8 0.1 27.2 52.7 29.9 0.2 45.0
é 41.0 3.8 2.8 0.1 69.8 68.4 69.6 2.9 77.2
= 44.6 10.7 2.3 0.1 61.9 64.0 62.1 2.1 75.1
é 46.4 7.2 2.3 0.1 64.9 68.0 65.3 1.4 78.5
w 64.1 5.9 3.1 0.1 62.8 67.8 63.3 4.2 74.8
68.5 6.3 3.2 0.1 60.3 67.2 61.0 5.6 76.4
73.6 6.7 2.8 0.1 56.3 63.1 57.1 3.9 75.4
78.0 7.2 2.6 0.1 51.2 54.5 51.6 6.1 72.2
85.2 8.9 2.4 0.3 29.9 48.0 31.8 18.7 38.4
H2S04 5.6 16.1 8.0 0.1 81.3 79.4 81.1 8.6 79.8

Pentoses and furfural

In the presence of 6.2 and 6.5 wt.% of IL (biomass concentrations of 9.0 wt.% and 5.3 wt.%), the pentose mass
content showed a considerable increase when compared to treatment in the absence of catalyst, from 0.3 to 8.4
wt.%. Its yield reached 29.1 mol%, with negligible 0.1-0.2 mol% furfural yield. Maximal arabinoxylan conversion
of 72.5 mol% (the sum of pentose and furfural yields) was observed upon increasing the IL concentration to 41.0
wt.% (biomass concentration of 3.8 wt.%), corresponding to a 2.4-fold increase relative to the previous treatment
condition. The treatment also resulted in a pentose yield of 69.6 mol% and low furfural production of 2.9 mol%
with corresponding mass contents of 19.5 and 0.5 wt.%. Treatments at IL concentration in the range of 41.0
to 46.4 wt.% resulted in similar pentose and arabinoxylan conversion yields, around 65.7 and 67.8 mol%,
respectively. Furfural production at these IL concentrations showed a decrease of 33.3% with a final yield of 1.4
mol%.

The use of IL at concentrations in the range of 64.1 to 68.5 wt.% resulted in a steady decrease in pentose yield,
reaching values found for treatments at IL concentration of 44.6 wt.%. This was accompanied by an increase
inthe furfural production, which resulted in similar arabinoxylan conversion. A further increase in IL
concentration, from 68.5 to 78.0 wt.%, resulted in a sharp decrease in the pentose yield whereas the furfural
yield increased reaching a final value of 6.1 mol% at IL concentration of 78.1 wt.%. Despite that, the sum of both
components decreased continuously. The increment of IL from 78.0 to 85.2 wt.%, which corresponded to a water
concentration of only 5.8 wt.%, had a dramatic effect on pentose and furfural production yields. Pentose yield
decreased 38.4% to a final value of 31.8 mol%, and furfural yield increased sharply, reaching a final value of 18.7
mol%, however, the sum of both components yields decreased further 12.5% at the same rate. This increase
of furfural yield occurred despite the increase of 41.3% in the biomass concentration; at IL 41-46 wt.%
the increase in biomass concentration was followed by a decrease in the furfural production yields (Tables 2 and
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3). The pentose relative mass contribution followed somewhat the same trend of pentose yield. Maximal
valueswere observed at IL mass fraction of 41-46.4 wt.%, then it decreased steadily as the IL mass fraction
increased and decreased sharply when the IL increase from 78.0 to 85.2 wt.%. However, the sum of pentose and
furfural relative mass contributions showed a different pattern of their corresponding sum of yields, it remained
relatively constant since the decrease in pentose mass contribution was accompanied by an increase of furfural
relative mass contribution. These results suggest that at IL concentrations higher than 78.0 wt.% a considerable
fraction of hydrolyzed pentose undergoes further conversion to furfural. Treatment of sugarcane bagasse with
dilute sulfuric acid resulted in 89.7 mol% arabinoxylan conversion, 81.1 mol% pentose, 8.0 mol% glucose, and 8.6
mol% furfural production yields, as well as negligible 5-HMF production. The pentose relative mass contribution
to the liquid phase was 71.2% whereas furfural was 4.8%. The arabinoxylan conversion and pentose yields when
compared with those obtained after biomass treatment with a similar concentration of [EMIM][HSOa4], were 3.0
and 2.7-fold higher, respectively, and extremely higher for furfural production yield. Comparing with the results
obtained by treating biomass with IL at concentrations ranging from 44.6 to 46.5 wt.%, where arabinoxylan
hydrolysis yield was 65.3 mol%, the pentose content in the dilute acid hydrolysate was 24.3 to 30.6% higher.
However, the amount of furfural produced was also 4 to six-fold higher resulting in a liquid stream 3.0 -4.4-fold
richer in furfural and around 7.0% poorer in pentoses. Therefore, the pentose/furfural yield ratio was 4.0-fold
higher, and the pentose/glucose ratio was 2.7-fold higher in the syrup obtained after IL biomass treatment,
showing a greater specificity of IL hydrolysis towards hemicellulose. Thus, although the pentose content was 24.3
to 30.6% higher using the dilute acid treatment, the syrup obtained by treating biomass with [EMIM][HSO4]
at these concentrations contains a considerable amount of free pentose and much less contamination with
glucose and the sugar degradation products. As the IL concentration increases and the pentose yields and relative
mass contribution decreases whereas of those of furfural increases, the pentose/furfural ratios decrease
accordingly. The pentose content is 28-42% higher and the furfural content present at dilute acid hydrolysate
is twice of that present in the hydrolysate of IL 64-73.6 wt.%. Nevertheless, the pentose mass contribution was
similar in both treatments, but the furfural contribution was 1.5 times higher in the dilute acid treatment,
and consequently the pentose/furfural ratio was still 1.6 higher in the IL syrup. A comparison of biomass treated
with dilute H2S04 and with IL at concentrations near 78.0 wt.% shows that, although the yield of free pentose
at this IL concentration had decreased to 51.6 mol% (a yield 1.6 times lower than that obtained by dilute acid
treatment), it still displayed a selectivity towards hemicellulose. The pentose/glucose yield ratio was twice
that obtained by dilute acid treatment. However, given that the conversion of pentose into furfural increased
at these IL concentrations, the pentose/furfural yield ratios were comparable. These results clearly indicate
that the syrup obtained by treating biomass at these IL concentrations is enriched not only with pentose but also
with large amounts of furfural, albeit 29% less furfural than was obtained with dilute acid treatment, its relative
mass contribution is similar in both treatments. At the highest IL concentration, the pentose yield was 20.6%
lower and furfural production yield was twice that obtained with dilute acid treatment, and the ratio
of pentose/furfural was 5 times lower. However, the yield ratio of pentose/glucose was still 1.3 times higher than
that obtained with dilute acid treatment. These results suggest that at these [EMIM][HSO4] concentrations
a syrup enriched with pentoses, and furfural can be obtained with low glucose and 5-HMF contamination, which
allows for improvements to the furfural production process.

Characterization of residual biomass
=  Solids yield

The solid yields, compositions, and polysaccharide contents from the IL and dilute sulfuric acid treatments are
shown in Table . IL treatments in the range of 6.2 and 6.5 wt.% resulted in a similar yield of 81.4 wt.% indicating
a 18.6% biomass dissolution despite their low yields (Tables 2 and 3). These yields were 24.6% higher
in comparison to that for the sulfuric acid treatment at similar concentration which corresponded to 46.3% less
biomass dissolution. The solids yield decreased steadily in response to the IL concentration increase up to 64.1
wt.% and fluctuated around values near 70.8 wt.% which were approximately 8.4% higher in comparison
to that for dilute sulfuric acid treatment, showing that biomass treatment with 5.6 wt.% dilute sulfuric acid
extracted more biomass than the highest IL at its highest concentration. Comparing the solids yields in Table 4
with the sum of the quantified components in the liquid streams in Table 2, after correction to their glycosyl
or acetyl equivalent, it is found that the sum of the quantified components is smaller than the expected value
suggested by the solid yields. At 6.2-6.5 wt.% IL concentration the quantified values were 50% less than expected.
At 41.0-46.4 wt.% IL and dilute H2SO4 they were in average 19% less. At 64.1-78.0 wt.% IL they were 34% less,
and at 85.2 wt.% IL they were 45% less. The reasons for these discrepancies can be partial hydrolysis with soluble
oligosaccharide production (as might be the case for biomass treated at 6.2-6.5 wt.% IL), product degradation
into either non quantified or volatile compounds (such as formic and levulinic acids, and CO) [26] that were lost
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by vaporization, especially for those treatments with dilute sulfuric acid or with high IL concentrations.
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[EMIM][HSO4] (wt.%)

Biomass treatment conditions

B Glucose m5-HMF ® Xylose Arabinose ™ Furfural Acetic Acid

Figure 1. Relative composition of the liquid phase after sugarcane biomass treatment with [EMIM][HSO4] or H,S04
at the indicated conditions. The total component contents were set as 100% and each component relative
content was calculated. In the horizontal axis, the upper values represent biomass mass fractions (wt.%)
and the lower values, the catalyst mass fraction (wt.%). Source: Authors results.

=  Glucan content

The polysaccharide content composition in the solids obtained after biomass treatment somewhat reflected
the polysaccharide hydrolysis yield of the liquid phase. In all treatments there was an enrichment in glucan, lignin
and ashes and impoverishment in xylan, arabinan and acetyl (Table 4). The glucan content, compared
to the original biomass, enriched 18.7% by treating the biomass with 6.2-6.5 wt.% IL, reaching its maximal value
of 38% enrichment at IL concentrations of 41.0 and 64.1 wt.% with respective biomass mass fractions of 3.8
and 5.9 wt.%. Treatments with IL in the range of 46.4-68.5 wt.% showed an average enrichment of 33.6%
with corresponding 49.3 wt.% glucan. Treatments at IL concentrations higher than 68.5 wt.% resulted in a slow
and steadily decrease in the glucan content with a final content of 47.8 wt.%, at IL concentration of 85.2 wt.%,
corresponding to an enrichment of 29.0%. Solid residues obtained after biomass treatment with dilute sulfuric
acid were 42.7% enriched in glucan with a content of 52.6 wt.%. These solids were from 3.4 to 20.4% richer
in glucan than the solids obtained from IL, despite its higher glucan hydrolysis yield (Table 3).

= Lignin and ashes content

Although the contents of ashes and lignin increased in the solids obtained from biomass treatment with IL, there
were no clear trends as the IL concentration increased. The lignin content in the solids averaged in 26.1 wt.%
corresponding to an enrichment of 19.7%, nevertheless, they were 19.4% poorer in lignin when compared
to the diluted acid treatment, in which the lignin content was 32.4 wt.%, an enrichment of 48.6%. This higher
content may be the result of sugar decomposition, molecular condensation, and precipitation
as nonhydrolyzable material. The ashes content in the solids obtained from biomass treatment with IL averaged
in 7.8 wt.% an enrichment of 75.3% which was very similar to those obtained with 5.6 wt.% sulfuric acid
treatment.

=  Acetyl Content
The acetyl content diminished in the solids obtained from all biomass treatments, especially those treated
with 5.6wt.% sulfuric acid where its content decreased 91.8%. Solids obtained from biomass treated with IL at 6.2
— 6.5 wt.% showed a decrease of 44.1% whereas those from biomass treated with IL at 41.0-85.2 showed
an average decrease of 71.7%. The acetyl content in the solids at these IL concentrations was relatively constant
and averaged in 1.1 wt.%, suggesting that at IL concentrations above 41.0 wt.% the hemicellulose hydrolysis
achieved its maximum efficiency. Compared with the sulfuric acid treatment, the solids were in average, 6.8-fold
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richer, for IL concentrations at 6.2-6.5 wt.%, and 3.4-fold richer for IL concentrations at 41.0-85.2 wt.% indicating
a higher efficiency of dilute sulfuric acid to hydrolyze hemicellulose.

=  Arabinoxylan content

Solids obtained from sulfuric acid treated biomass diminished 86.8% their arabinoxylan content when compared
with the original biomass, whereas solids obtained from IL treated biomass decreased on average 17.9% at IL
concentrations in the range of 6.2-6.5 wt.% and 42.5% for IL concentrations in the range of 41.0 to 73.6 wt.%,
from then on, its content decreased continuously to a final decrease of 48.8% at IL concentration of 85.2 wt.%.
These results show that the arabinoxylan hydrolysis efficiencies were relatively constant at IL concentrations
between 41.0 to 73.6 wt.% and increased as the IL concentration increased further but decreased if the IL
concentration was low. Compared to the sulfuric acid treatment, the arabinoxylan contents in the solids obtained
from IL treatments were 4 to 5.5-fold higher indicating a far greater hydrolytic capacity of dilute sulfuric acid over
IL.

Table 4. Solid yield and composition after sugarcane biomass treatment with [EMIM][HSO4] for 83 min at 120°C at the
indicated IL and biomass mass fractions. Biomass treatment with dilute H,SO, at the same conditions are shown for
comparison. Source: Authors results

Catalyst | Catalyst | Biomass | Component content in solids (wt.%) Solid
mass mass Yield
fraction | fraction | Glucan | Xylan | Arabinan | Arabinoxylan | Acetyl | Lignin | Ashes | Others | (wt.%)
(wt.%) (wt.%)

0.0 10.9 389 | 21.7 2.0 23.7 4.0 23.2 4.5 5.8 | 101.1
0.0 5.7 40.0 | 22.4 2.4 24.8 4.1 21.9 2.6 6.6 | 101.0
0.0 3.9 39.8 | 21.9 2.2 24.1 4.1 20.1 3.9 8.0 | 101.2
6.2 9.0 439 | 16.2 1.7 18.0 2.2 26.5 9.1 0.3 82.1

— 6.5 5.3 43.7 | 15.8 1.9 17.7 2.1 25.4 8.9 2.2 80.7

é 41.0 3.8 50.9 13.7 13 14.9 1.2 25.8 5.6 1.5 74.3

= 44.6 10.7 47.3 | 125 1.2 13.7 1.2 23.8 11.1 3.0 75.4

% 46.4 7.2 49.1 | 12.9 1.0 13.9 1.2 24.7 8.3 2.9 73.2

L 64.1 5.9 509 | 12.9 1.2 14.1 1.0 25.8 4.6 3.6 69.4

68.5 6.3 49.4 | 125 21 14.6 1.2 28.4 5.7 0.7 68.4
73.6 6.7 485 | 13.1 1.0 14.1 1.0 28.3 4.6 3.6 70.9
78.0 7.2 47.6 12.2 1.0 13.3 1.1 28.2 7.7 2.2 72.8
85.2 8.9 47.8 | 11.7 1.0 12.7 1.1 244 | 12.4 1.7 72.5
H2S04 5.6 16.1 52.6 2.5 0.7 3.2 0.3 324 7.9 3.5 65.3

Polysaccharide recovery
The recovery of the constituents was analyzed after calculating their yields in the solid residue and plotted
against their yields and of their degradation products (furfural or 5-HMF) in the liquid phase.

Glucan recovery
The residual glucan yield fluctuated around 98 mol% up to an IL concentration of 46.5 wt.%, and then it decreased

slightly up to an IL concentration of 68.5 wt.%, whereupon it fluctuated around 94 mol%, which also coincided
with a decrease in its content in the solids (Table 4). When added to its and of 5-HMF yields in the liquid phase,
the glucan recovery in the biomass treated with no catalyst was higher than 100 mol%, near 107.5 mol%. That
might be the result of an overestimation of the glucan content in the solids. Glucan recovery for biomass treated
with either 5.6 wt.% sulfuric acid or IL in the range of 6.2 — 64.1 wt.% was near 100 mol%, showing that at IL
concentrations where the hydrolysis yields were the greatest (Table 3), there was no glucan loss. At higher IL
concentrations the recovery oscillated near 96.1 mol% that might be the result of degradation into non
quantified products. Nevertheless, results show a high glucan recovery in all biomass treatments and a greater
contribution of hydrolyzed glucan at IL concentration in the range of 41.0 — 86.2 mol%. They also show a much
greater hydrolyzed glucan in diluted sulfuric acid treated biomass, despite an obtained solid richer in glucan
(Figure 2 and Table 4).

Arabinoxylan recovery
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At IL concentration of 6.2 wt.%, 60 mol% of the biomass arabinoxylan remained in the solid. As the IL
concentration rose from 46.4 up to 73.6 wt.%, the remaining arabinoxylan fluctuated around 40 mol%
and decreased slightly as the IL concentration increased to 78.0 and 85.2 wt.%. Treatments in the range of 41.0
to 68.5 wt.% resulted with total arabinoxylan recovery with results constant near 107.0 mol%. As the IL rose,
the recovery dropped with concomitant increase of furfural production yield. At the highest IL concentration,
the recovery was 87.7 mol%, representing a 12.3 mol% loss. These indicate that the decrease in the observed
pentose yield at the highest IL concentrations (Table 3) was not due to a decrease in the IL hydrolysis efficiency
but due to further degradation of pentoses into furfural and into volatile and non-quantified compounds.
If the hydrolysis efficiency had decreased under high IL concentrations, the arabinoxylan remained in the solids
should have increased, rather than remaining constant in 40 mol%. A recovery of just 88.4 mol% for treatments
at 6.2 — 6.5 wt.% IL concentration, and well above the 100 mol% for treatments at 41.0 wt.% IL concentration
were observed for reasons not understood (Figure 3). Arabinoxylan recovery for biomass treated with dilute
H2S04 was 98.3 mol% showing almost a complete recovery of all biomass arabinoxylan. Its content in the residual
solid was only 8.6 mol%, most of it was in the liquid phase either as hydrolyzed pentose or as furfural (Figure 3)
explaining why the solid was so enriched in glucan (Table 4) despite the higher glucan hydrolysis yield (Table 3).

Glucan Recovery (mol%)
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Figure 2. Glucan recovery after biomass treatment at different ionic liquid (upper line) and biomass (lower line)

concentrations. Biomass treated with diluted sulfuric acid are shown for comparison. Biomass treatment conditions
were as described in materials and methods. Source: Authors results
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Figure 3. Arabinoxylan recovery after biomass treatment at different ionic liquid (upper line) and biomass (lower line)
concentrations. Biomass treated with diluted sulfuric acid are shown for comparison. Biomass treatment conditions
were as described in materials and methods. Source: Authors results.
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Acetyl recovery
The acetyl group remaining in the solid residues showed the same trend observed for arabinoxylan, oscillating

around 22.6 mol% in the IL concentration range of 41.0-46.4 wt.% and then around 19.1 mol% at IL
concentrations of 64.1-85.2 wt.%, further suggesting that the at high IL concentration there was no decrease
in its hydrolysis efficiency (Figure 4). The acetyl recovery was almost complete at IL concentrations where
the pentoses hydrolysis yield were the highest (Table 3). It showed a slight decrease to values near 93.6 mol%
at 64.1-78.0 wt.% IL and decreased considerably to 58.3 mol% at the highest IL concentration, showing a high
acetyl loss at this treatment condition. Biomass treated with dilute sulfuric acid resulted in solids with only 5.4
mol% acetyl group, four times lower than those obtained with IL, which indicates the higher hydrolytic efficiency
of dilute sulfuric acid towards hemicellulose. Most of the acetyl group was in the liquid phase, yet the acetyl
recovery was 85.2 mol% suggesting a 14.8 mol% of acetyl loss.
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Figure 4. Acetyl recovery after biomass treatment at different ionic liquid (upper line) and biomass (lower line)
concentrations. Biomass treated with diluted sulfuric acid are shown for comparison. Biomass treatment conditions
were as described in materials and methods. Source: Authors results.

Discussion

This study compared the uses of [EMIM][HSO4] and diluted sulfuric for the treatment of sugarcane biomass.
Sugarcane biomass was treated at several IL and biomass fractions, or with diluted sulfuric acid with the same
mass concentration and molar content used for the lowest IL concentration. Such condition was met by iterative
calculations as demonstrated in section sulfuric acid, water, and biomass content calculations. Sugarcane
biomass treated with IL up to 44.6 wt.% produced a syrup highly enriched in pentose with minimal contamination
of glucose and furans. As the IL concentration increased, the furfural production yield increased concomitantly
to the pentose yield decrease, resulting in a syrup with a high mass proportion of furfural, specially at the highest
IL concentration. Furthermore, the pentose recovery decreased with the increase of the IL concentration, but
at these higher IL concentrations, the arabinoxylan and acetyl contents in the solid were essentially the same
of those found at 44.6 wt.% IL (Table 4), where the maximum pentose yield was obtained in the syrup, indicating
that the observed decreased of the pentose yield at these high IL concentrations, consequently low water
content, was not due to a lower IL hydrolysis efficiency, but due to further degradation of pentose and furfural
into non quantified or volatile products. At very low water content, acidic ionic liquids tend to form degradation
products along with biomass, particularly if treatment conditions are very severe [27,28]. Similar results were
also found by da Costa Lopes etal. [16] when treating wheat straw with [EMIM][HSO4] at different IL
concentrations and temperatures. High pentose yields were obtained at moderate treatment severity with
similar IL concentration and water content. At higher treatment severity, furfural yields rose to values near 30
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butyl-3-methylimidazolium hydrogen sulfate [BMIM][HSO4], where lignocellulosic biomass treatment
at moderate IL concentrations results in hemicellulose hydrolysis near 40% with negligible furfural co-production
[29]. Furfural production with yields in the range of 13-33% was favored when biomass was treated at low water
content [14,17], especially when treated with superacidic ionic liquids [12]. Despite this, when biomass is treated
with acidic ionic liquids, a syrup enriched with free pentoses and a cellulose-enriched solid are obtained. This
solid is prone to enzymatic hydrolysis [16,30,31], and its hydrolysis yield is superior to that which results from
treating biomass with dilute acid [32]. As compared with IL treatment, dilute acid treatment resulted in a solid
residue not only enriched with but possessing a higher glucan content and far less arabinoxylan content (Table
4), making it an obvious substrate to produce glucose syrups via enzymatic hydrolysis, since dilute acid pre-
treated biomass is more prone to enzymatic hydrolysis than the nontreated ones [33]. The hemicellulose
hydrolysis yield (Table 3) and the pentose content in the resulting syrup were also higher (Table 2), and since
the costs in using dilute sulfuric acid are much less than using ionic liquid, one may ask why ionic liquids should
be used to treat lignocellulosic biomass after all. The reasons are many, despite the hemicellulose hydrolysis
yield (Table 3) and the amount of free pentoses in the resulting syrup were smaller, they were significant at 41.0
to 64.1 wt.% IL concentration (Table 2). They were also richer in free pentoses and far less contaminated with
glucose and furans, therefore treatments with IL result in a liquid stream with concentrated and purer free
pentoses. It could also be argued that the higher amount of glucose and furans in the syrups obtained by treating
sugarcane biomass with dilute sulfuric acid was due to the concentration used, 6.7 wt.% with a corresponding
mass fraction of 5.6 wt.%. The acidic strength of H2SO4 is much stronger than that of HSO4, which pKa at room
temperature is 1.9, consequently the H* molar content, in the sulfuric acid treatment would be equimolar
to H2S04 whereas in the IL treatment it would be less than HSOs” molar content. In fact, treatment of Sorghum
biomass with 0.2 mol/L (approximately 2 wt.%) sulfuric acid at 121°C for 120 min [26], resulted in free pentose
and furfural production yields close to those found by treating sugarcane biomass with IL in the range of 41-46.4
wt.%, however despite the temperature used was near of that used in this study, it took to 37 minutes longer to
reach similar free pentose yield found in this study. High free pentose yields when treating lignocellulosic
biomass with sulfuric acid with concentrations of 2 wt.% or less are achieved only at long treatment times or high
temperatures but in this case, the furfural and glucose yields are similar to those found at this study [32]. When
biomass of Bamboo was treated with 0.2 mol/L sulfuric acid for 2h the glucose production yield was not much
different of that found when treated with 0.6 mol/L sulfuric acid, a concentration close to the one used in this
work, besides the glucose production yield was also very near to that found at this work [32] (Table 3). Therefore,
biomass treatment with dilute sulfuric acid in concentrations below or near 2wt.% must be performed at high
temperatures and long times to achieve high hydrolysis yield. Acidic IL despite having lower acidic strength, its
organic cation moiety interaction with biomass increases considerably its hydrolysis efficiency [18,19,34]
explaining the efficiencies found at IL concentration in the range of 41.0-64.1 wt.%. The second reason in using
IL against dilute acid is the concentration itself. While biomass can be treated with pure IL or with mixture of IL
with very low water content, where some biomass degradation may occur, the same cannot be performed with
mineral acids where considerable biomass degradation and loss of yield occur as the concentration increases.
In other words, to achieve high hydrolysis yield with low degradation, biomass must be treated with dilute acid
resulting in a liquid stream with a very large water content as opposed to IL where high hydrolysis yield can be
accomplished with IL at 41-64 wt.% or even higher, resulting in a liquid stream with low water content,
in the range 40-60 wt.% or less, which greatly facilitates the recovery of sugars and of the IL itself. The recovery
of sugars and IL usually is done by the addition of anti-solvents, and as less water is present in the liquid stream,
less anti-solvent and energy shall be required for the separation, thus making the whole process much more
environmentally and economically sustainable, provided the IL is recycled. The third reason is the versatility
that the acidic IL may offer regarding the desired product simply by tuning the biomass treatment conditions.
At the highest IL concentration, a relatively high hemicellulose hydrolysis yield is achieved, and the obtained
syrup is highly enriched with furfural. Moreover, furfural can be extracted with a green solvent
and the hydrolyzed pentoses can be separated and recovered with considerable purity and the IL recycled [15]
processes favored by the low water content. Treatments with dilute H2SQOas, on the other hand, do not possess
such versatility. Despite selectively hydrolyzing hemicellulose at a higher yield, the resulting syrup contains high
amounts of glucose, furfural, and high-water content rendering the recovery process more difficult.

Impact

Furans, especially furfural and xylose are compounds of increasing interest, furans are important chemical
platform [35] from which several compounds can be synthesized. Xylose is the precursor of furfural and also can
be used to produce several other chemicals such as xylitol [36—38] . This increased interest has prompted several
investigations in how to obtain these compounds in high yields and in an environmentally sustainable manner
from lignocellulosic biomass [36,39—41]. To this end, biomass pretreatments methods applying dilute mineral
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acid [36,37,39,42,43], solvolysis and green solvents, among them, molten salts [39], deep eutectic solvents
[39,44-46] and ionic liquids [39,47-50] were investigated. Each of these approaches have clear advantages and
disadvantages concerning the environmental impact, reusability, and economical feasibility. Nevertheless,
the conventional processes still used for furfural production lignocellulosic biomasses are uneconomical since it
is produced from a diluted xylose solution, obtained from acid-catalyzed hydrolysis of biomass rich
in hemicellulose. Xylose on the other hand, can be recovered after evaporation of the excess of water
and the addition of an antisolvent, resulting in an energy-intensive process [36,51]. This work contributes to the
state of art of knowledge as it compares two hemicellulose hydrolysis methods: the classical dilute sulfuric acid,
and the acidic ionic liquid [EMIM][HSO4] using a different approach. It indicates that the biomass treatment with
acidic IL has many advantages over the dilute sulfuric acid treatment, among them, the use of less water and less
solvent to recover the products, xylose and furfural. This work shall contribute to the decision-making and paves
the way to the development of new technologies to produce pentoses and furfural of high qualities
in a sustainable manner. It is also an UpToDate investigation for the industrial technology still uses diluted acid
to produce xylose and furfural, resulting in a diluted solution which is one of the difficulties to their recovery.

Conclusions

The stepwise evaluation of the reaction conditions for the use of the ionic liquid [EMIM][HSO4] for sugarcane
bagasse treatment enabled the identification of reaction conditions for the selective hydrolysis of hemicellulose
into xylose with high yields, and at the same time, lessening the dehydration of xylose into furfural,
and the release of glucose from the cellulose. In contrast, the use of dilute sulfuric acid results in xylose syrup
highly contaminated with furfural and glucose. Unlike the use of sulfuric acid, the use of 1-ethyl-3-
methylimidazolium hydrogen sulfate can be tuned either towards the predominant formation of xylose with very
low degradation to furfural or towards an increase in furfural production. In both cases, a solid cellulose-lignin
residue is obtained that can be further used for the production of glucose syrups via enzymatic hydrolysis.
In a biorefinery context, these findings can enable the customized production of either a xylose-rich or a furfural-
rich stream.
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