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Abstract

Biomass, as fuel source, is renewable, environmental friendly and abundant in nature. It
is of great interest to produce green energy and bio-products from lignocellulose. The
replacement of conventional organic solvents by a new generation of solvents that are
less toxic, less flammable and less polluting is a major challenge for the chemical
industry. The aim of this work is to study the solubility of biomass-based materials in
ionic liquids in order to overcome the lack of experimental data on phase equilibria of
{carbohydrate-ILs} mixtures. Solubility data were successfully correlated using NRTL
and UNIQUAC thermodynamic models. The fundamental natures of the interaction
between carbohydrates and ILs were investigated using ab initio calculations. The
pretreatment of miscanthus with ILs resulted in the regeneration of amorphous, porous
cellulose almost free of lignin, which is suitable for enzymatic hydrolysis and fermenta-
tion processes. A successful ethanol production was obtained with an overall ethanol
yield reached up to 150 g ethanol kg™ miscanthus.

Keywords: ionic liquids, biomass, biofuel, miscanthus, ab initio calculations

1. Introduction

Nowadays, governments and researchers are directing their attention toward the development
of advanced biofuels. Lignocellulosic biomass is an alternative raw material for biofuel pro-
duction [1, 2]. Lignocellulosic biomass materials are woody and straw residues from agricul-
ture and forestry, nonfood crops, organic fraction of urban waste and algae-based feedstock.
Lignocellulosic biomass consists mainly of lignin, hemicellulose and cellulose [3]. The direct
production of sugars from biomass is expensive and inefficient if compared with starch-based
feedstocks due to its complicated structure. Therefore, the first step of converting biomass into
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132 Carbohydrate

biofuel is the pretreatment of biomass to break down the lignin-carbohydrate complex struc-
ture and to decrease the crystallinity of the extracted cellulose. The second step is the hydroly-
sis of extracted cellulose to fermentable sugars such as glucose and the final step is the
fermentation of the sugars into liquid fuels [4, 5].

The pretreatment of biomass has been achieved using different technologies in order to extract
cellulose. These technologies include ammonia fiber expansion, sodium chlorite and ethanol
organosolv process [6]. These technologies showed acceptable results concerning the cellulose
extraction. Nevertheless, the recovery of the lignin and hemicelluloses should be taken into
consideration in order to optimize the production of bioethanol from biomass.

The replacement of conventional organic solvents by a new generation of solvents less toxic,
less flammable and less polluting is a major challenge for the chemical industry. Ionic liquids
have been widely promoted as interesting substitutes for traditional solvents. Ionic liquids are
salts in the liquid state having melting point below 373 K [7]. They have unique physicochem-
ical properties such as high thermal stability nonflammability, electroconductivity and negligi-
ble vapor pressure. Therefore, they are considered as more environmentally friendly than their
volatile, toxic and organic counterparts. Ionic liquids, as green solvents, have been widely
applied in important fields such as catalysis, separation and nanotechnology [8].

The solubility data of biomass materials in ILs are of great importance for chemical or bio-
processes. Indeed, a small number of studies have been published on the solubility of biomass
materials in ionic liquids. Swatloski et al. found that 1-butyl-3-methylimidazolium chloride
(BMIMC) is able to dissolve up to 25 wt%. of cellulose [9]. Sheldon et al. connected ILs with
carbohydrates [10]. Carneiro et al. studied the solubility of monosaccharides in ILs and corre-
lated these data using the NRTL and UNIQUAC thermodynamic models [11].

Currently, ab initio calculations play an important role in understanding the special nature of
ILs and their interactions with dissolved components or interfaces [12]. Hydrogen bonding in
ILs plays an important role in cation-anion and solvent-solute interactions. This phenomenon
could be revealed by both experimental and theoretical investigations. In fact, the hydrogen
bonding of ILs is considered to be a factor of great importance to design ILs as potential
solvents for cellulose. Xu et al. [12] showed that both chloride anions and imidazolium cations
of the IL interact with the cellulose via hydrogen bonds. The results emphasize that the
chloride anions play a critically important role and the imidazolium cations present a remark-
able contribution in the cellulose dissolution.

Miscanthus, as a biomass feedstock, is an interesting raw material for biofuel production, as it
has a carbohydrate content up to 75% [6]. Indeed, there is a lack of data concerning the ionic
liquid pretreatment, enzymatic hydrolysis and fermentation of miscanthus. Shill et al. reported
the solubility of miscanthus and the extraction of cellulose using EMIMAOC ionic liquid [13].
Padmanabhan et al. found that acetate, chloride and phosphate imidazolium-based ionic
liquids are able to dissolve miscanthus up to 5% [14].

Enzymatic hydrolysis process has many advantages such as the very mild conditions (pH = 4.8
and temperature 323 K) which give high yields. The maintenance costs are low compared to
alkaline and acid hydrolysis due to no corrosion problems. Hydrolysis without preceding
pretreatment yields typically lower than 20%, whereas it yields after pretreatment often exceed
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90%. Yeast is currently the most popular method for converting cellulosic sugars into ethanol.
The most common type of yeast used is Saccharomyces cerevisiae, also known as Brewer’s yeast
or Baker’s yeast. S. cerevisine has a relatively high tolerance to ethanol and inhibitor com-
pounds. Furthermore, this yeast gives high ethanol yields from glucose [3].

This chapter presents an environmentally friendly method for extracting cellulose from biomass
using imidazolium-based ionic liquids and also provides a new approach for utilizing biomass
resources. This chapter is mainly divided into three parts: The aim of the first part is to overcome
the lack of experimental data on phase equilibria of biomass carbohydrates in ionic liquids. The
solubility of biomass materials in ionic liquids was measured within a temperature range from
283 to 383 K. Solubility data were correlated successfully with local composition thermodynamic
models such as NRTL and UNIQUAC. The solubility of biomass materials in binary mixtures
{ethanol + ionic liquids} is studied in order to evaluate the possible use of the antisolvent method
for the extraction of carbohydrates from ionic liquids. The second part is devoted to investigate
the interaction between carbohydrates, glucose and cellulose building unit and ionic liquids
using ab initio quantum chemical methods. The third part aims to study the solubility of
miscanthus, as a promising biomass feedstock, in ILs and cellulose extraction. The parameters
affecting the extraction process are the ionic liquid structure, miscanthus size, miscanthus mass
fraction, temperature and time. A Box-Benhken design expert was applied to evaluate the best
conditions for the extraction process. Finally, the produced amorphous cellulose is subjected to
hydrolysis and fermentation for biofuel production.

2. Study of the behavior of systems containing (carbohydrate-ILs)

The aim of this part is to overcome the lack of experimental data on phase equilibria of biomass
carbohydrates in ionic liquids. The solubility of glucose, fructose, sucrose and lactose in five
ionic liquids: 1-ethanol-3-methylimidazolium chloride, 1-butyl-1-methylpyrrolidinium chlo-
ride, 1,3-dimethyl-imidazolium methyl phosphonate, BMIMCI and EMIMSCN, was measured
within a temperature range from 283 to 383 K (Table 1).

2.1. Solubility of carbohydrates in pure ionic liquids

Solid-liquid equilibria (SLE) of binary systems {IL + sugar} were carried out in a large range of
temperatures 280-390 K and compositions up to 60% of sugar, (Figure 1). It is clearly obvious
that the solubility of carbohydrates increases in the following order lactose < sucrose < glucose
< fructose for ILs used in this study. The solubility increases at high temperature in the
following order EMIMSCN < EtOHMIMCI < BMIMCl < DMIMMPh. The Kamlet-Taft
solvatochromic parameters are the most comprehensive and frequently used quantitative
measure of solvent properties. Studies on the dissolution of cellulose in BMIMCI indicate that
the anion of the IL acts as a hydrogen bond acceptor which interacts with the hydroxyl groups
of the cellulose [9]. It is found that the phosphonate and chloride imidazolium-based ionic
liquids displayed higher 3 and 7* values if compared to other ionic liquids. It was found that
the solubility of sugars is related to the hydrogen bond basicity and the polarizability of the
ionic liquids.
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134 Carbohydrate

Physical properties BMIMCI EtOHMIMCI BMPyCl EMIMSCN DMIMMPh
Color and shape at 25°C White powder Yellow solid White powder Red liquid Colorless liquid
Molecular formula CgH;5CIN, C¢H;1CION, CoH,(CIN C;H;1N3S Ce¢H 3NLPO5
Purity (%) 98 98 98 95 98
Molecular weight 174.7 162.61 177.71 162.25 192.15
Melting point (°C) 65 80 114 -6 20

Density (g/cm®) 1.0528 at 80°C n.d n.d 1.114 at 25°C 1.18 at 25°C
Viscosity (cP) 142 at 80°C n.d nd 20 at 25°C 50.3 at 25°C
Decomposition temp. (°C) 250 >200 210 >200 >200

Water content (ppm) <1000 <1000 <1000 <1000 450
Solubility in water Miscible Miscible Miscible Miscible Miscible
Solubility in ethanol Miscible Miscible Miscible Miscible Miscible

Table 1. Physical properties of studied ionic liquids.
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Figure 1. Plot of the experimental and calculated SLE of {IL + sugar} binary systems: ¢ EMIMSCN; ¢ DMIMMPh;
¢ BMIMCL; « EtOHMIMCI. The solid lines have been calculated using NRTL and UNIQUAC models, where X, is the
sugar mole fraction.

Figure 1 shows that solubility of carbohydrates is a complex process in ILs. Indeed, glucose is
more soluble in EMIMSCN than in DMIMMPh up to 310 K. At higher temperatures, the
opposite effect is observed. The main key factors of solubility of biomass components in ILs
are physicochemical properties such as viscosity, basicity and polarity. Experimental data on
the solubility of glucose in thiocyanate-based ILs proved that the solubility of glucose increases
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with a decrease of the alkyl chain length [15, 16]. Figure 1 points out the importance of the
influence of functional group in ILs [17]. As an example, the presence of a hydroxyl group in
ILs may lead to hydrogen bond formation with the anion or the cation and then modify the
behavior of the solvent with carbohydrates.

Experimental data found in the literature on the solubility of fructose and sucrose in ILs
proved that their solubility is strongly affected by the alkyl chain length attached on the IL
but also the basicity and the polarity. The solubility of sucrose increases with increasing the
hydrogen bond basicity and polarity of the anion of the ionic liquid in the following order: C
(CN); < BF, < CF3505; < CH3503 < SCN < HSO,4 < CI < CH3HPO; [10, 11, 15, 18]. Moreover, the
solubility data of sucrose in dialkylimidazolium thiocyanate measured in this work, found in
the literature [15] and confirmed that the solubility of carbohydrates decreases with an
increase of the alkyl chain length grafted in the cation.

2.2. Estimation of the solubility of carbohydrates in ILs

It is well established that solid-liquid equilibria of systems containing ILs can be well
represented with thermodynamic models such as nonrandom two-liquid equation (NRTL)
[19] or the UNIversal QUAsiChemical (UNIQUAC) theory [20]. The solubility of the carbohy-
drates in the ILs was determined from an expression based on the symmetric convention for
the calculation of the activity coefficients, that is, the pure liquid at the solution temperature as
a standard state for the carbohydrate, together with their fusion enthalpy, Ag,sH and melting
temperature, Tg,s. For a general case, this equation can be derived through an idealized
thermodynamic cycle between the solid and liquid carbohydrate phase states, under this
assumption: The solvent does not appear in the solid phase. Thus, the resulting expression to
the calculation of the solubilities is [21] as follows:

_AfusHZ 1 1
ln(xzyZ) = R ) <TSLE - Tfus 2> (1)

where Ag,sH, and Tg,s» denote melting enthalpy and temperature of the sugar and x, stands for
the solubility of the sugar at the saturated temperature T°F.,

2.2.1. NRTL model

For the NRTL model, the activity coefficient y;, for any component i of the ternary system, is
given by:

m
ng’[jiGjixj n %Gy Elxﬂerrj
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where g is an energy parameter characterizing the interaction of species i and j, x; is the mole
fraction of component i. In this work, the nonrandomness parameter @ was set equal to 0.2
according to the literature [22].

2.2.2. UNIQUAC model

For the UNIQUAC model, the activity coefficient y;, for any component i of the binary system,
is given by:

; Ot
+lim = Exilqn(6ywi) + 47, X, )
ij=

(Dl' z 9,‘

Iny, =In—+ Eqiln—

=1 Y G
k=1

X; D;

riXi qi%i —Auj;

where @; = 75—, 0; = 57=—, I = 5 (rj=q;)~(rj~1) and 7j; = exp ( RT )

LT 2 4%
j=1 j=1

Here, the lattice coordination number z is assumed to be equal to 10. Parameters r; and g; are,
respectively, relative to molecular van der Waals volumes and molecular surface areas of the
pure component i. The binary parameters for sugars were taken from the literature [12]. The
required van der Waals parameters r; and g; of the UNIQUAC model for the ionic liquids were
estimated with the correlation proposed by Domanska [23].

=2)xr; 2
ri = 0.029281 x Vi(cm®.mol ™), q; = w + - (4)

where V; is the molar volume of the ionic liquid at T = 298.15 K and z is the coordination
number assumed to be equal to 10.

To obtain a better description of the (solid + liquid) phase equilibrium simultaneously, temper-
ature-dependent model parameters (Ag;; or Auj;) were assumed:

Ag,(J. mol’l) = 81811 = a2 + b1z - T(K), Agy (] mol_l) = 82178» = 21 + b1 - T(K) (5)

Each thermodynamic model requires four adjustable parameters per binary (Ag;; or Auj). The

adjustable parameters were determined by minimization of the following objective function (OF):

OF = ‘Zl(Texp,i_Tcalc,i)z (6)

The root-mean-square deviation (RMSD) of temperature, o7, was calculated according to the
following definition:

i—1 n-2

1/2
o7 — <i <Texp,i_TcalC,i)2> (7)
i

As can be seen in the results depicted in Figure 1, both thermodynamic models correlate well
with the experimental data.
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2.3. Solubility of carbohydrates in a binary mixture of (IL + EtOH)
2.3.1. Effect of the structure of the carbohydrate

Figure 2 shows the solubility of glucose, fructose, sucrose and lactose in a binary mixture of
(BMIMCI + EtOH) for the following experimental conditions: mixture ratio by weight = 10,
time = 300 min. The solubility increases in the following order lactose < sucrose < glucose <
fructose. This behavior agrees well with the literature [24]. As expected, the solubility of
disaccharides in ILs is higher than monosaccharides [15].
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Figure 2. Solubility of carbohydrates in a binary mixture of (BMIMCI + EtOH).
2.3.2. Effect of ethanol/ionic liquid ratio and temperature

Figure 3A presents the effect of (ethanol/ionic liquid) ratio by weight on the solubility of the
studied sugars in the binary mixture. It is shown that the solubility of the sugars increases with
decreasing (ethanol/ionic liquid) ratio for the studied ionic liquids. This behavior can be related
to the polarity and the hydrogen bond basicity of binary mixtures (cosolvent + IL) [25].
Introducing ethanol in IL leads to a reduction in polarity and hydrogen bond. Therefore, the
affinity of polar compounds with (cosolvent + BMIMCI) mixtures is lower than in pure IL. A

high ethanol/ionic liquid ratio is recommended for the satisfactory extraction of carbohydrates
from their mixtures.
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Figure 3. The effect of (A) ethanol/ionic liquid ratio and (B) temperature (K) on the solubility of glucose in the (IL + EtOH)
mixture.
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On the other hand, the effect of temperature on the solubility of the studied sugars in a mixture
of {IL + ethanol} is illustrated in Figure 3B. The solubility of carbohydrates is directly propor-
tional to the temperature for the used ionic liquids mixtures. Increasing temperature increases
the molecular thermal motion of the entire system and the volatility of solute [26]. Hence, low
temperature is highly recommended for a good extraction of carbohydrates.

2.3.3. Applying 2° full-factorial design

An experimental design technique, 2 full-factorial design, was used to determine the optimal
parameters for the extraction of glucose from IL using ethanol and to evaluate the interaction
between different parameters. Analysis of variance (ANOVA) data for the system indicates the
well fitting of the experimental results to the factorial model equation and hence accuracy of
this model. The interaction between the different factors and their effect on the solubility of
glucose in this system are shown in Figure 4. It is found that there is no interaction between the
different factors. As expected, the solubility of glucose increases with increasing temperature
and water content and with decreasing the EtOH/IL ratio. The main effective parameter on the
glucose solubility is the temperature.
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Figure 4. The interaction between different variables on the solubility of glucose in a binary mixture of (BMIMCI + EtOH)
at time 300 min: (a) at water content = 2%, (b) at EtOH/IL ratio by weight = 12.5, (c) at temperature = 315.5 K.

2.4. Extraction process using the antisolvent method

Table 2 presents results of the extraction of sugars from five ionic liquids using the antisolvent
method with the following characteristics: an {ethanol/ionic liquid} ratio equal to 10, neglected
water content and a decrease in temperature from 313 K (or 323 or 333) to 298 K. Results indicate
that the extracted percentage increases in the following order fructose < sucrose < glucose <
lactose. The performance of different antisolvent on the extraction of sugars from IL using the
antisolvent method was evaluated. Results are given in Table 3. For these extractions, a solution
containing 0.20 wt% of sugar was prepared in BMIMCI at 373 K. After the complete dissolution
of sugar, an antisolvent is added at 298 K.
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Binary mixture of

ethanol + IL EMIMSCN DMIMMPh BMIMCI1 EtOHMIMCl BMPyrCl
Glucose

Ex.% (from 313 to 298 K) 37.15 45.13 21.91 21.76 39.05
Ex.% (from 323 to 298 K) 53.33 60.39 51.89 53.21 58.63
Ex.% (from 333 to 298 K) 72.08 69.58 72.03 69.39 73.71
Sucrose

Ex.% (from 313 to 298 K) 29.715 31.593 37.313 24.919 31.283
Ex.% (from 323 to 298 K) 43.223 49.062 52.689 41.640 42.939
Ex.% (from 333 to 298 K) 67.190 65.168 71.286 60.036 66.124

Table 2. The extraction% of the sugars from binary mixtures of the ILs.

Antisolvents Glucose Fructose Sucrose Lactose
extracted % extracted % extracted % extracted %
BMIMCI

Ethanol 99 80 99 99

Dichloromethane 99 85 99 99

Acetonitrile 99 80 99 99

Table 3. The extraction% of sugars from BMIMCI with different antisolvents.

To conclude this part, a successful extraction process requires high ethanol/IL ratio, low temper-
ature and low water content. The addition of ethanol in mixtures strongly decreases the solubil-
ity of carbohydrates in the binary mixtures. Therefore, ethanol is strongly recommended as an
antisolvent for separating sugars from ionic liquids mixtures.

3. Study of the interaction between carbohydrates and ionic liquids using
ab initio calculations

Ab initio calculations are used to investigate the fundamental natures of the interaction
between carbohydrates and ILs. Results were compared with experimental data.

The ab initio calculations were carried out using GAUSSIAN 98 [27]. The minimum
energy geometry was determined by performing calculations with density functional
theory (DFT). The hybrid Becke 3-Lee-Yang-Parr, B3LYP, exchange-correlation function
with the 6-311+G(d) basis set is employed for the geometry optimizations in this work
[28]. Partial atomic charges were derived from the ion pair geometries using the CHELPG
method [29].
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3.1. Ionic liquids structure optimization and hydrogen bond formation
3.1.1. Optimized structures of ionic liquids

The interaction energy AE can be calculated using the following equation [30, 31]:

AE(KJmol ') = 2625.5 x [E[cation| " [anion] —(E|cation]" + E[anion])] (8)

where E[cation]” [anion] is defined as the total energy of the system and E[cation]" + E[anion]”
is defined as the sum of the energy of the pure compositions.

The interaction energies are corrected using the basis set superposition error (BSSE) and zero-
point energy (ZPE). So, the corrected interaction energy AEc,,, is calculated as follows [30, 31]:

AEcorr = AE + AEgssg + AEzpg )

where AEgssE is the correction of BSSE and AEp is the correction of ZPE.

To obtain the stable configurations of DMIMMPh, the anion MPh™ is located at several differ-
ent positions around the cation. The initial configurations are fully optimized. Three represen-
tative configurations, A;, A, and Aj, are chosen, where the methyl phosphonate anion (MPh")
is placed at carbon positioned 2, 4 and 5 at the imidazolium ring in dimethyl imidazolium
cation (DMIM"), respectively. It was found that the interaction energy of A; conformer is
higher than that of A, and A; conformers. Therefore, A; conformer has better probability than
others and is selected as the best optimized structure for DMIMMPh.

The same observation was found with the other ILs, where the best optimized structure was
found when the anion was placed at the imidazolium C2. For BMIMCI, the best optimized
structure is matched with the work of Hunt et al. [32] who also found that the best optimized
structure for BMIMCI is when CI is placed at C2 of BMIM". The best optimized structures are
shown in Figure 5.

(2.72A>H.B>0.942 A)

u.q.
DMIMMPh ? «‘ EMIMSCN
3

(275 A>HB>1A)

AE¢,,=-530.8 KJ mol! AEc.,,=-334.1 KI mol!

EtOHMIMCI

Figure 5. The most stable geometries of DMIMPh, EMIMSCN, BMIMCI, EtOHMIMCI ILs.
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In fact, the most stable IL ion pairs have the position of the anion in front of the C2-H.
However, the anion is shifted slightly toward the methyl group, the less bulky group, at C6
and lies slightly above the plane of the imidazolium ring.

This behavior is changed in EtOHMIMCI ionic liquid due to the presence of the
hydroxyl group at C8. This makes C8 a better hydrogen bond donor than C6. There-
fore, the Cl™ anion is shifted slightly toward the OH-C8 and this is matched with the
work of Zhang et al. [33].

Ab initio calculation results for the interaction energies of the optimized ILs showed that
AEcq, increases in the following order: EMIMSCN < BMIMCI = EtOHMIMCI] < DMIMMPh
(Figure 5).

3.1.2. Hydrogen-bonding interaction

It is now well established that cation-anion H bonding occurs in some imidazolium-based
ionic liquids [34]. Jeffrey found that a normal O---H hydrogen bond is formed when O---H <
2.7 A and C- H---O > 90° [35]. Otherwise, a criterion that the interaction distance be less than
the sum of the respective van der Waals radii has also been used.

In case of BMIMCI, the Cl---H bond length is between 2.05 and 2.67 A. This distance is longer
than the covalent bond length in H---Cl (1.31 A), but it is shorter than the van der Waals
distance of Cl---H (2.95 A). These values approve that the CI~ anion could form a hydrogen
bond with the N-C-H fragments of BMIM" cation (2.95 A>HB>1.31A).

Ab initio calculations show the formation of two hydrogen bonds between BMIM" cation and
CI" anion. The obtained results are matched with those found in the literature [32]. Hunt et al.
[32] proved that a strong hydrogen bond could be formed when the C-H---Cl length is lower
than 2.3 A, while a weak hydrogen bond is formed if 2.3 <r <2.75 A.

Also, the same behavior was observed with the O—H bond length in DMIMMPh ionic liquid
where: 2.72 A > H.B>0.942 A and also the N—H bond length in EMIMSCN ionic liquid where:
275A>HB>1A.

On the other hand, a strong hydrogen-bond interaction is observed between the CI" anion and
the hydroxyl group on the cation (O-H—Cl) (Figure 5).

3.2. Interaction of ionic liquids with carbohydrates

Results concerning the binary systems {glucose + IL} show that the interaction of glucose-IL
systems increases in the following order: glucose-BMIMCI < glucose-DMIMMPh (Figure 6).
This observation is in good agreement with the experimental results obtained.

On the other hand, the cellulose-building unit, cellobiose, interacts similarly to glucose with
anions and cations of ionic liquids (Figure 7). The bond strength (A) cellulose-IL systems show
that cellulose interacts with ionic liquids mainly via hydrogen-bonding formation. The inter-
action energies and the hydrogen-bonding formation of cellulose-IL systems increase in the
following order: cellulose-BMIMCI < cellulose-DMIMMPh. This observation is in good agree-
ment with the experimental results obtained in this work.
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Figure 6. The interaction of glucose with (A) DMIMMPh and (B) BMIMCL
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Figure 7. The interaction of cellulose with (A) DMIMMPh and (B) BMIMCI.

Comparing the values of both the interaction energy and the hydrogen bond strength of {glucose-
Ils} and {cellulose-Ils} systems proved that ILs interact with glucose higher than with cellulose.
This could be a result of the strong [-(1—4)-glycosidic linkages between cellulose molecules
compared to the linkages between glucose molecules.

3.3. Experimental study on the dissolution and regeneration of cellulose

Solid-liquid equilibria (SLE) of microcrystalline cellulose (MCC) in ionic liquids were carried
out in a large range of temperature (313-393 K). Ab initio calculation results proved that ionic
liquids are capable of dissolving cellulose molecules by breaking down the inter- and intramo-
lecular hydrogen bond’s network between cellulose molecules and setting up a new IL-cellu-
lose hydrogen bond’s network promoting their dissolution.

The dissolution of cellulose is higher in DMIMMPh ionic liquid, up to 13 mass fraction at 393
K, than other ionic liquids and this is matched with the theoretical results. This is maybe
related to its high interaction energy, strong hydrogen bond formation, with its high hydrogen
bond basicity and polarity.

It could be concluded from the analysis results, Figures 8-10, that DMIMMPh ionic liquid is
an excellent solvent for the regeneration of cellulose from biomass feedstocks. The recovered
cellulose is more accessible to the enzymes, for example, cellulose enzyme, which convert
cellulose and hemicelluloses into fermentable sugars for biofuel production. These results
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also proved that there are no chemical reactions occurred during the dissolution and regen-
eration process.
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Figure 8. XRD of (@) MCC and cellulose regenerated in (=) BMIMCI and (a) DMIMMPh.
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Figure 10. SEM images of (A) MCC and (B) regenerated cellulose.
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4. Pretreatment of miscanthus using 1,3-dimethyl-imidazolium methyl
phosphonate (DMIMMPh) ionic liquid for glucose recovery and ethanol
production

Miscanthus is a promising biomass energy crop due to its relatively low maintenance and high
energy content [6]. This part presents an environmentally friendly method of extracting cellu-
lose from miscanthus using DMIMMPh ionic liquid and also provides a new approach for
utilizing biomass resources.

4.1. Miscanthus solubility in ionic liquids

Imidazolium-based ionic liquids have the ability to dissolve complex macromolecules such as
cellulose with high dissolution efficiency by breaking their inter- and intramolecular hydrogen
bond’s network [9]. The solid-liquid equilibria of {miscanthus + ILs} system were carried out in
a large temperature’s range (90-130°C). It is investigated that DMIMMPh has the higher
dissolution efficiency than other ionic liquids Figure 11. This could be related to its high
hydrogen bond basicity and polarity compared to other ILs. This indicates that the nature
and the size of the ionic liquid’s anion greatly influence the solubility of miscanthus. Strong H-
bond-acceptor anions, such as phosphonate anions, effectively dissolve miscanthus. The high
solubility of miscanthus in phosphonate-based ILs (DMIMMPh) may be of interest in technol-
ogy of pretreatment of biomass because these ILs are free of halogens. Moreover, these ILs are
less toxic, noncorrosive and biodegradable [9, 14].

u DMIMMPh
u BMIMCI

* EtOHMIMCL
= EMIMSCN

Miscanthus solubility (wt %)

403

Figure 11. The solubility of miscanthus in ionic liquids.

It is suggested that, in salt solutions with small, strong polarizing cations and large polarizable
anions, intensive interactions with cellulose, occur. Results obtained on the solubility of
miscanthus in ionic liquids and the data published in the literature [8, 9, 14, 36] proved
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that phosphonate- and chloride-based ionic liquids are good solvents for miscanthus. The
presented solubility results are matched with those of Padmanabhan et al. [14].

4.2. Cellulose extraction using DMIMMPh ionic liquid
4.2.1. Effect of temperature and time

Brandt et al. [37] found that swelling and dissolution in ILs are temperature dependent and
that better dissolution and regeneration rates are obtained at temperatures beyond 373 K.

Figure 12A presents the dissolution and regeneration rates as well as the cellulose grade and
recovery for the {miscanthus + DMIMMPh} system with 5% miscanthus mass fraction during 6
h and using water as an antisolvent.
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Figure 12. The effect of (A) temperature (K) and (B) time (h) on the extraction process.

Increasing the temperature, from 363 to 403 K, increases the dissolution rate and cellulose
grade. Also, increasing the temperature, from 363 to 383 K, increases the cellulose recovery and
regeneration rate. But at temperature higher than 383 K, cellulose recovery and regeneration
rate decrease obviously due to the degradation occurrence. Mass loss proved that temperature
has a significant influence on the extraction efficiency. The mass loss increased up to 30 times
when increasing reaction time from 1 to 24 h. High temperature ranges, more than 380 K, lead
to high degradation rates and low cellulose extraction efficiency [36].

The kinetics of the miscanthus dissolved in DMIMMPh were studied as a function of dissolution
time. Figure 12B shows the dissolution rate%, cellulose recovery%, cellulose grade%, cellulose
regeneration rate% and mass loss% miscanthus in DMIMMPh. The measurements were performed
in these conditions: at 3% miscanthus mass fraction, temperature of 373 K and water is used as an
antisolvent. It is obvious that increasing reaction time from 1 to 24 h increases the dissolution rate.
Also, increasing reaction time from 1 to 12 h significantly increases cellulose grade, recovery and
regeneration rate. On the other hand, increasing reaction time more than 12 h, the cellulose grade,
recovery and regeneration rate, decreases due to the degradation occurrence. The mass loss
increased up to 14 times when increasing reaction time from 1 to 24 h. Hence, polymer degradation
increases with time.

145



146 Carbohydrate

4.2.2. Applying Box-Behnken experimental design on the extraction process

The results of miscanthus solubility and cellulose regeneration in DMIMMPh were evaluated
using Box-Behnken experimental design. This experimental design allows the study of the
effect of each factor temperature, time and miscanthus mass fraction, as well as the effects of
interactions between factors on the cellulose solubility and regeneration.

According to this design, the optimal conditions were estimated using a second-order polyno-
mial function by which a correlation between studied factors and response (mean diameter)
was generated. The general form of this equation is as follows:

Y =B, + B X1+ BrXo + B3 Xs + B X Xa + B3 X1 X5 + B Xo X3 + B X1” + By Xo® + 533X32 (10)

where Y is the predicted response; dissolution rate, cellulose grade and cellulose recovery%,
X1, Xz and X3, are studied variables; temperature, time and miscanthus mass fraction; {3; are
equation constants and coefficients.

The analysis of variance data, ANOVA, for the system indicates the well fitting of the
experimental results to the polynomial model equation and hence accuracy of this model.

Figure 13 presents the plots of the response surface of cellulose recovery. It is shown that
increasing both temperature and time increase the dissolution rate and cellulose recovery.
High miscanthus mass fraction decreases the cellulose recovery. No important interactions
between parameters were observed. Temperature is the most effective parameter on the cellu-
lose dissolution and regeneration.

The optimum conditions obtained from the Box-Behnken design for {miscanthus +
DMIMMPh} mixture are 3.2% miscanthus mass fraction and heating up to 107°C during 6.30
h. Applying these optimum conditions resulted in the regeneration of cellulose with grade of
74.4% and recovery of 77.6% (Table 4). A slight decrease in efficiency was observed when
using recycled DMIMMPh (Table 4).

4.3. Characterization of the regenerated cellulose

Analyses results, Figures 14-17, indicate that the regenerated cellulose-rich extract is homoge-
neous, dense and porous and has a higher surface area. Analyses investigations evidenced the
production of amorphous cellulose almost free of lignin, which is suitable for enzymatic
hydrolysis processes.

4.4. Production of bioethanol
4.4.1. Enzymatic hydrolysis

The regenerated cellulose was hydrolyzed enzymatically to produce glucose. The optimum
conditions used for the enzymatic hydrolysis process were heating up to 50°C during 72 h and
adding cellulase enzyme at loading 20 FPU/g of cellulose with 1:1 volume of 3-glucosidase.
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Figure 13. The response surface plots of cellulose recovery for miscanthus-DMIMMPh mixture (A) at mass fraction 4%
and (B) at temperature 110°C.

Solvent Cellulose  Cellulose Hemicell. Hemicell. Lignin Lignin Others (ash and
grade % recovery %  grade % recovery %  grade % recovery % unknown products) %
DMIMMPh  74.4 77.6 13.7 229 9.1 144 2.80
BMIMCI 71.8 73.8 14.9 24.6 10.5 16.4 2.90
Recycled 723 73.5 15.1 249 9.7 15.0 3.00
DMIMMPh

Table 4. Applying the optimum parameters of Box-Behnken design for the miscanthus-DMIMMPh and BMIMCl
mixtures.
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Figure 14. NMR spectra of miscanthus: (A) untreated and (B) treated with DMIMMPh IL.
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Figure 16. IR of (M) R miscanthus, (») miscanthus residue and (m) cellulose-rich extract.

Figure 17. SEM images of (A) MCC cellulose and (B) the cellulose-rich extract with DMIMMPh.
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Figure 18 represents the hydrolysis rate for the original miscanthus and the regenerated
cellulose. It is obvious that the enzymatic hydrolysis rate decreases rapidly. The glucose
hydrolysis efficiency reaches up to 94%.

Table 5 shows the results of different hydrolysis processes for untreated miscanthus and
regenerated cellulose. Glucose hydrolysis efficiency of the untreated sample is only 11.9%,
while it is more than 90% for the regenerated cellulose samples. The hydrolysis efficiency of
the samples treated with DMIMMPh is higher than those treated with BMIMCI. This is maybe
due to the inhibition effect of the chloride ions [14] on the cellulase enzyme.
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Figure 18. Glucose hydrolysis efficiency as a function of time for: (A) untreated miscanthus, (H) cellulose regenerated

with DMIMMPh.

Glucose

(g/)

Sample

Original 1.39

miscanthus

DMIMMPh 41.88

Recycled 37.92

DMIMMPh

BMIMCI 32.53

Glucose
hyd. effic.
(%)

11.89

93.98
87.77

84.72

Xylose Xylose Ethanol

(g/M) hyd. effic. (g/1)
(%)

0.5 6.80 0.53

5.02 61.18 20.40

3.35 43.58 16.72

3.1 45.52 14.72

Ethanol
conversion
rate (%)

55.02

85.13
79.28

80.85

Ethanol
production
effic. (%)

4.51

66.75
55.88

49.03

Ethanol produced
in g/kg

miscanthus

17.70

148.43
119.14

115.63

Table 5. Results for different hydrolysis and fermentation processes for untreated miscanthus and regenerated cellulose

samples.
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Furthermore, the regenerated cellulose samples have a low content of hemicellulose which
could be converted into xylose during the hydrolysis process. The xylose conversion efficiency
does not exceed 70%.

4.4.2. Hydrolysate fermentation

The hydrolysate solutions of the untreated miscanthus and the regenerated cellulose samples
were fermented using yeast from S. cerevisiae. Figure 19 shows the results of fermentation of
the hydrolysate produced from the treatment of miscanthus with DMIMMPh. These results
include the sugars consumption, cell growth and ethanol formation.
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Figure 19. Fermentation results and bioethanol production.

The results indicate the formation of a typical batch growth phase. This batch includes four
phases as following: lag phase (0-6 h), exponential growth phase (6-36 h), deceleration phase
(36—48 h) and stationary phase (48-72 h).

At the beginning of the fermentation process, lag phase, the yeasts adapted themselves to the
growth conditions and hence, the concentration of glucose is quite constant during the first 6 h.
Then, after 6 h, exponential phase, both the substrate consumption and cell growth are increas-
ing greatly with time. During the declaration phase, 3648 h, it is observed that the growth rate
is slowing down due to the glucose depletion. As expected, decreasing the glucose concentra-
tion during the fermentation process is followed by an increase in cell and ethanol production.
Hence, ethanol concentration increases greatly during the exponential and declaration and
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stationary phases and achieves a maximum concentration of 20.35 g/L after 72 h. Then, the
ethanol concentration is decreased as it is used as a carbon source for the yeast growth when
the glucose concentration is depleted [38]. The cell growth rate (u) is 0.0677 per hour. This
result is matched with the work of Cheng et al. [39].

Table 5 shows the results of the fermentation conversion rate of different hydrolysates with a
maximum value of 85%. It also shows the ethanol production efficiency for carbohydrate content,
cellulose and hemicellulose, in the regenerated cellulose which is calculated as following [40—42]:

Ethanol production efficiency (%)

11
_q OOX{ ethanol produced(g) } (11)

0.511 x {1.11 X cellulose content(g) + 1.136 x hemicell.content(g)}

where the value 1.11 is equivalent to [molecular weight of glucose unit (180.16)/molecular
weight of cellulose unit (162.14)], while the value 1.136 is equivalent to [molecular weight of
xylose unit (150.13)/molecular weight of hemicellulose unit, xylan, (132.11)].

The obtained ethanol production efficiency is 66.75% Table 5. These values could be compared
with those published in the literature for the hydrolysates based on acid and alkali pretreat-
ments in which the ethanol production efficiency ranges from 65 to 75% [40-42].

Finally, an overall ethanol yield was calculated in order to have a complete evaluation for the
production of bioethanol from miscanthus. This calculation is based on total amount of miscanthus
considering the loss of carbohydrates during the pretreatment, enzymatic hydrolysis and fermen-
tation processes. The overall ethanol yield for the miscanthus treated with DMIMMPh was 148 g
ethanol per kg miscanthus. This value indicates the high efficiency of the presented process when
compared the values published in the literature for other biomass feedstocks [40—42].

To conclude this part, the use of DMIMMPh ionic liquid in the pretreatment of miscanthus and
the extraction of cellulose has been studied. Analyses results evidenced the production of
amorphous, porous cellulose almost free of lignin. The glucose hydrolysis efficiency of the
regenerated cellulose reached up to 94%. The IL pretreatment efficiency is determined by its
ability to improve cellulose accessibility and increase overall sugars. This is confirmed with the
high overall ethanol yield, up to 148 g ethanol kg™' miscanthus, produced from the fermenta-
tion of the hydrolysates.

5. Conclusions

The solubility of glucose, fructose, sucrose and lactose in ionic liquids was measured within a
temperature range from 283 to 383 K. It is observed that the solubility of disaccharides exhibits
a noticeably lower solubility than monosaccharides. Solubility data were successfully corre-
lated with NRTL and UNIQUAC thermodynamic models. The possibility of extracting sugars
from ILs using the antisolvent method has been evaluated. A successful extraction process
requires high ethanol/IL ratio, low temperature and low water content. The considerable
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decrease in the solubility of sugars in the binary mixtures proves the ability of ethanol as an
excellent antisolvent [43, 44].

Ab initio calculations were used as a tool to investigate the fundamental natures of the
interaction between carbohydrates and ILs. The most stable geometries ILs have been studied.
The most stable IL ion pairs have the anion positioned in front of the C2-H of the imidazolium
ring of cation. It was concluded that the anion plays the main role in the dissolution process of
carbohydrates, in which the H-bonding forces are the major interactions. The obtained results
proved that DMIMMPh is more efficient than other ionic liquids. The analyses results indicate
that the regenerated cellulose is quite similar to the original one with a great decrease in its
crystallinity. This proves that the treatment of cellulose with ILs is accompanied only with a
physical change [45].

The use of ILs in the pretreatment of miscanthus has been studied. Extraction results were
evaluated using Box-Behnken design. Analyses results evidenced the production of amor-
phous, porous cellulose almost free of lignin, thereby facilitating its enzymatic hydrolysis.
The glucose hydrolysis efficiency of the regenerated cellulose reached up to 97.74%. The
pretreatment efficiency is determined by its ability to improve cellulose accessibility and
increase overall sugars yield. This could be confirmed with the high overall ethanol yield, up
to 150 g ethanol kg ' miscanthus, produced from the fermentation of the hydrolysates.
Alkylphosphonate anion-based ILs were proposed as excellent candidates for biomass treat-
ment and biofuel production [46, 47].
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