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Abstract

In recent years, ionic liquids (ILs) have been confirmed to be efficient and green solvent for treatment of cellulosic biomass
toward subsequent bioprocess. However, few attempts have been made to use mixed ILs as solvent to treat cellulose. In
order to expand the scope of IL and mixed ILs used for cellulose treatment, we developed mixed ionic liquids as reagent to
treat cellulose. Subsequently, the treated cellulose and treatment process were assessed by measuring the indexes of cellu-
lose in and after treatment process. As a result, mixed ILs combination 1-methyl-3-methylimidazolium dimethylphosphate
([IDMIM][DMP]) and 1-ethyl-3-ethylimidazoliumbisulfate ((EMIM][HSO,]) were selected as a candidate reagent for cel-
lulose treatment. Unlike some other studies, not only outermost surface of cellulose was changed, but structure of cellulose
was destroyed and converted into 3—6 pm particles, resulting in almost complete enzymatic hydrolysis of treated cellulose
within 12 h. In addition, the initial rate of enzymatic hydrolysis of cellulose treated by candidate mixed ILs was 56.3 times
that of water-treated cellulose (control). It was demonstrated that intact structure of cellulose was destroyed by mixed ionic
liquids treatment and resulted in a new framework that greatly improved enzymatic hydrolysis, which opened a new way for
efficient enzyme conversion of cellulosic biomass.
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Abbreviations
FT-IR Fourier transform infrared spectroscopy

poly-a-cellobiose derived from cellulosic biomass (Liu
et al. 2017) and has great industrial interest because of its

SEM  Scanning electron microscope use either in chemicals (Zhu et al. 2020), liquid fuels (Chen
and Lee 2020), or other industrial applications (pharmacol-
ogy, cosmetics and even ceramics) (Kim et al. 2020; Li et al.

Introduction 2019; Ullah et al. 2016).

Enzymatic conversion of cellulose is one of the promis-

Cellulose is the widely available and renewable biomass
on earth used in numerous applications (Houfani et al.
2020) such as consumables, paper products, energy crops
and biofuels. Cellulose is a purified form of subunits of
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ing routes to sustainably produce fuels and other chemicals
(Jang et al. 2020). However, cellulosic biomass hydrolysis
in aqueous media suffers from slow reaction rates (Sievers
et al. 2017) for there are water-insoluble crystalline sub-
strates in the biopolymers. They are very hard to degrade or
dissolve for the extensive network of inter- and intra-molec-
ular hydrogen bonds and van der Waals interactions between
cellulose fibrils (Lv et al. 2020). Therefore, homogeneous
treatment of cellulose using solvents has generated interest
for many years and is still subject to ongoing research (Tan
et al. 2019). During the last decade, a new type of green
solvent known as ionic liquid (IL) has been paid more atten-
tion because most of them have the virtues of excellent sol-
vency, nonvolatility, low melting point and designability (Xu
et al. 2020). Furthermore, ionic liquid has been confirmed
to be efficient and green solvent for treatment of cellulosic
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biomass (Jiang et al. 2020), resulted in ionic liquid involved
treatment and enzyme conversion of cellulose toward value-
added products has been paid more attention (Haldar and
Purkait 2020).

Measuring the crystallinity, degree of polymerization
(DP) (Sirvio et al. 2020), thermogravimetry analyses (TGA)
(Ratnasari et al. 2019), crystallinity index (CrI), scanning
electron micrographs (SEM) (Shah and Ullah 2019) and
X-ray diffraction (XRD) (Bernardo et al. 2019), viscosity
indexes analysis of cellulose in and after the treatment pro-
cess is essential in assessing its correlation with the resulting
technical properties in and after ionic liquid treatment for
subsequent enzymatic conversion. However, as far as we
know, there is no work on mixed ionic liquids treatment of
cellulose and few systematic works on monitoring the ionic
liquid treatment process and link the process to subsequent
enzymatic reaction using different properties analysis of
cellulose.

In order to expand the scope of IL and mixed ILs used
for cellulose treatment and illuminate the mechanism of fol-
lowing efficient enzymatic process via indexes analysis of
cellulose in and after the treatment process, herein, we report
basic work on the treatment of cellulose in mixed ionic lig-
uids for efficient enzymatic conversion. Three classic kinds
of ionic liquids: phosphate-type ILs, chloride-type IL and
bisulfate-type ionic liquids, were synthesized. Composition
of mixed ILs to treat cellulose was accessed according to
the characters of mixed ILs. ILs bearing sulfonate anion
could treat surface area of cellulose to form porous carbon
(Huang et al. 2020); however, there is no work on this issue
of bisulfate-type ionic liquids for cellulose pretreatment.
Therefore, treatment of cellulose using selected mixed ILs
was investigated. Subsequently, enzymatic saccharification
of cellulose after IL treatment was investigated. The viscos-
ity of ILs and cellulose/IL solution was measured to analyze
the intrinsic characters of IL treatment process. In addition,
treated cellulose was measured by FT-IR, SEM, TGA, XRD
and DP analysis to reveal the mechanism of the following
efficient enzymatic process.

Experimental

Materials and methods

Materials

The following chemicals and enzyme were purchased from
Sigma-Aldrich (St. Louis, MO, USA): N-methylimidazole,
N-ethylimidazole, trimethyl phosphate, triethyl phosphate,
1-chlorobutane, ethyl acetate, bromoethane, diethylamine

and cellulose 101 [Sigmacell Cellulose, highly purified,
fibers, particle size 50 pm]. Cellulase from Aspergillus
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niger (E.C. #3.2.1.4, slightly brown powder, 0.5 units/mg
solid; Bradford reagent test suggested a protein content of
31 wt%) was purchased from KangYuan Biotec. One unit
will liberate 1.0 pmol of glucose from cellulose in 1 h at
pH 5.0 at 37 °C for 2-h incubation. IL 1-methyl-3-methyl-
imidazolium dimethylphosphate ((DMIM][DMP]), 1-ethyl-
3-ethylimidazolium diethylphosphate ([EMIM][DEP]),
1-ethyl-3-ethylimidazoliumbisulfate (([EMIM][HSO,]),
1-butyl-3-methylimidazolium bisulfate ((BMIM][HSO,]),
1-ethyl-3-methylimidazolium chloride ([EMIM]CI) and
1-butyl-3-methylimidazolium chloride ((BMIM]CI) were
synthesized and purified in the following literature (Li et al.
2010; Nie et al. 2006). Water content in the ionic liquids was
in the range of 0.20-0.55 wt%, which was measured by Karl
Fischer analyzer (METTLER TOLEDO). All other chemi-
cals were of analytical grade and purchased from Sinopharm
Chemical Reagent Company (SCRC, China).

Treatment of cellulose

Mixed ionic liquids were prepared by mixing two kinds
of ionic liquids in a certain proportion (1:1~ 10, w/w) for
10 min at room temperature and heated to treatment tem-
perature before treatment. Samples of cellulosic biomass
solution (3%, w/w%) were prepared by combining 0.09 g of
cellulose with 3.0 g IL or mixed ILs in a 30-ml glass vial.
We expanded the treatment system in the ratio for enzy-
matic hydrolysis. The sample was prepared under a nitrogen
atmosphere to prevent uptake of water by the ILs. After a
vigorous agitation, the IL solution should turn clear. The
solution was heated in an oil bath with magnetic stirring
at varied temperatures from 80 to 130 °C, dissolved and
incubated for 20 min. Cellulose was also treated at 60 °C by
deionized water for 20 min to eliminate potential difference.
Deionized water was used as anti-solvent for regenerating
cellulose from IL. Equal volume of water was added to the
solution (Li et al. 2009). A precipitate immediately formed.
The sample was briefly centrifuged. The precipitate was
washed two times with additions of anti-solvent and super-
natant was removed after centrifugation, and the treated cel-
lulose was air-dried.

Enzymatic hydrolysis

Batch enzymatic hydrolysis of IL-treated and water-treated
cellulose was carried out at 50 °C in a water bath shaker.
Total batch volume was 50 ml with an enzyme concentration
of 90 FPU per gram of cellulose and substrate concentration
of about 18 mg/ml. Solutions were buffered with 0.05 M
sodium citrate, pH 5.0. The enzyme reaction was monitored
by withdrawing samples from the supernatant using a micro-
sampler periodically and measuring the release of soluble
reducing sugars by the DNS assay (Miller 1959) and glucose
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by Biosensor analyzer SBA40D, Shandong Academy of Sci-
ences Co., Ltd. Control assays (applying denatured enzyme)
were made in parallel to the enzymatic ones. Subsequently,
the fibers were washed three times with water and recovered
by filtration for monitoring the deviation of DP with enzy-
matic hydrolysis. Each time, the filtrate was forced to pass
through the fiber cake in order to avoid the loss of the shorter
fibers. DP value of recovered cellulose was determined by
the Nelson—Somogyi method (Nelson 1944). All assays were
run in triplicate. Error bars indicate the standard deviation
of triplicate measurements.

Analytical methods

The viscosity of ionic liquid and cellulose/IL solution was
determined using HAAKE Rheostress 600 equipped with an
oil bath (Brookfield Engineering Laboratories, Inc.). Vis-
cosity of ionic liquid ((EMIM][CI], [BMIM][CI], [EMIM]
[HSO,], [BMIM][HSO,], [DMIM][DMP] and [EMIM]
[DEP]) and mixed ionic liquids ([EMIM][CI] + [EMIM]
[HSO,], [BMIM][CI] + [EMIM][HSO,], [DMIM]
[DMP] + [EMIM][HSO,] and [EMIM][DEP] + [EMIM]
[HSO,]) was measured from 50 to 130 °C. Viscosity of cel-
lulose/IL solution in the ratio of 3/100 (wt) was measured
from 80 to 130 °C. Degree of polymerization was calculated
according to the viscosimetric method. This method is based
on the measurement of the flowing time of a cellulose solu-
tion (using cupriethylenediamine as solvent) in a capillary
viscosimeter at 25 °C. The intrinsic viscosity, [#], of each
solution is determined according to the Martin equation. DP
values are calculated by applying the Immergut formula:
DP%9%5=0.805. [5] (Pala et al. 2007). All experiments were
run in triplicate.

Cellulose treated with water at 60 °C and cellulose
treated with IL ([EMIM]CI, [BMIM]CI, [DMIM][DMP],
[EMIM][DEP], [BMIM][HSO,], [EMIM][HSO4], [EMIM]
Cl+ [EMIM][HSO,], [BMIM]CI + [EMIM][HSO,],
[DMIM][DMP] + [EMIM][HSO,] and [EMIM][DEP]
+[EMIM][HSO,]) were analyzed by FT-IR through the fol-
lowing process: cellulose was measured by Bruker IR spec-
trometer Tensor 27. The spectra (4000 —400 cm™') were
recorded with a resolution of 4 cm™! and 64 scans per sam-
ple. About 2.0 mg samples were prepared by mixing with
120.0 mg of spectroscopic grade KBr and then pressed with
a standard device using a pressure of 6000 psi to produce
13-mm-diameter pellets (Feng et al. 2014). The background
spectrum of pure KBr was subtracted from that of the sample
spectrum.

Scanning electron microscopy (SEM) was carried
out to obtain images of cellulose samples which were
treated with water at 60 °C, [DMIM][DMP] and [DMIM]
[DMP] + [EMIM][HSO,] at 130 °C. The samples were
coated with a thin gold layer using a vacuum sputter coater

to improve the conductivity of the samples and thus the qual-
ity of the SEM images prior to the analysis. Scanning elec-
tron microscopy (HITACHI S-3400) operated at 5 keV was
used to image cellulose samples.

Cellulose treated with water at 60 °C and [DMIM][DMP],
[DMIM][DMP] + [EMIM][HSO,] at 130 °C were analyzed
using Thermogravimetric analysis (TGA). It was carried out
with PerkinElmer Pyris TGA instrument under a nitrogen
atmosphere (50 mL min~'). To minimize possible differ-
ences in the moisture content between samples, all samples
were equilibrated at 110 °C for 5 min before heating. The
temperature was raised from 25 to 600 °C at a heating rate
of 10 °C min~!. The decomposition temperature Tycp rep-
resents the thermal onset of decomposition, signifying the
occurrence of a 10% total mass loss during TGA scanning
at 10 °C min~".

Water-treated, IL-treated and mixed ILs-treated cellulose
were analyzed by X-ray powder diffraction (XRD). XRD
was conducted with an X’PERT PRO powder diffractometer
PANalytical with X’celerator detector using Nickel filtered
CuKa radiation at 40 kV and 30 mA was used. Samples
were scanned by XRD over the angular range 5.0°-60°, 26,
with continuous scan.

Results and discussion

Viscosity of ionic liquid and cellulose/ionic liquid
solution

In order to better understand polymer behavior related to
enzymatic conversion in a cellulose/ionic liquid solution,
we evaluated the properties of each IL and cellulose/ionic
liquid solution for interactions between solvent components
which are of great importance for the understanding of cel-
lulose phase diagram.

In our case, IL or mixed ILs and dissolved at 50-130 °C.
The ILs are viscous at 50 °C (higher than 60 mPa s), and
the viscosity decreased sharply with the increase in tempera-
ture from 50 to 130 °C (Fig. 1). If the viscosity of an ionic
liquid is very high, it will be detrimental to the progress of
a reaction. Chloride-type IL was observed to be the highest
viscosity at all temperatures, followed by phosphate-type ILs
and bisulfate-type IL. As shown in Fig. 1, the viscosity of
phosphate-type ILs at 80 °C was 18.3 mPa s and 22.1 mPa s
for IL [DMIM][DMP] and [EMIM][DEP], indicating that
viscosity of IL decreased with the decrease in molecular
weight. A similar trend was observed in mixed ILs samples.
The addition of IL with low viscosity strongly decreases
the viscosity of chloride-type IL, as expected. [EMIM]
[HSO,] was selected as a candidate for the subsequent pro-
cess because it is less viscous than [BMIM][HSO,] (Fig. 1).
In contrast, no obvious deviation of characteristics was
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Fig. 1 Viscosity of ionic liquid
and mixed ionic liquids. The
intrinsic viscosity, [#], of each 350
solution is determined accord-
ing to the Martin equation.
DP values are calculated by —+—[EMIM][CI]]
applying the Immergut formula: 300 r A
DP%%% =0.805. [] (Pala et al. )
2007) === [DMIM] [DMP]
—<— [EMIM] [DEP]
250
—#—[BMIM] [HSO4|
—o— [EMIM] [HSO4|
% 200 L [EMIM] [CI]+[EMIM][HSO4]
né‘ [BMIM] [C1]+[EMIM][HSO4]
= [DMIM] [DMP]+[EMIM][HSO4]
150 [EMIM] [DEP]+{EMIM][HSO4]
100 -
50
0 1 1
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observed when we mixed phosphate-type IL with chloride-
type IL (data not shown). Consequently, mixed ILs solu-
tion was prepared by mixing cellulose dissolving [DMIM]
[DMP] with bisulfate-type ionic liquid ((EMIM][HSO,]) to
develop new and multifold function. Viscosity of [EMIM]
Cl+[EMIM][HSO,] mixture (a kind of mixed ionic lig-
uids) was sharply reduced when we mixed 0.9 g [EMIM]
Cl with 0.1 g [EMIM][HSO,] (9:1 in the ratio). The propor-
tion of [DMIM][DMP] and [EMIM][HSO,] could also be
confirmed by enzymatic hydrolysis of cellulose treated with
mixed ionic liquids (Fig. S1). Therefore, cellulose dissolving
IL and [EMIM][HSO,] in the ratio of 9:1 was used in the
subsequent process.

Cellulose was added to IL or mixed ILs and dissolved
at 80-130 °C. Practically speaking, detection of cellulose/
IL solutions in high concentrations and low temperatures
is difficult to reach because of very high viscosity and thus
very slow dissolution kinetics. So, the viscosity of 3%
(W/w%) cellulose in phosphate-type IL or phosphate-type
IL mixed with bisulfate-type IL was determined in the range
of 80-130 °C (Fig. 2). The intrinsic viscosity measurement
is a fast and convenient method to estimate the average DP
of cellulose and thus the extent of degradation (Michud
et al. 2015). Moreover, the determination of DP provides
only some information on the viscosity-average molar
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Fig.2 Viscosity of cellulose/IL solution. The intrinsic viscosity,
[#], of each solution is determined according to the Martin equa-
tion. DP values are calculated by applying the Immergut formula:
DP%% =0.805. ] (Pala et al. 2007)

mass and no element regarding the molar mass distribution
(Michud et al. 2015). Cellulose/mixed ILs showed a lower
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viscosity than that of cellulose/single IL, while viscosity
of the solution decreased with the decrease in molecular
weight. For an example, viscosity decline of cellulose/
([IDMIM][DMP] + [EMIM][HSO,]) is pronounced from
1147 to 190 mPa s when the treatment temperature increased
from 80 to 130 °C (Fig. 2), implying that the drop of vis-
cosity to lower values demonstrated a liquid-like behavior.
The deviation of experimental results indicated that mixed
ionic liquids reduced the viscosity of the solution, which
will subsequently influence cellulose solubility and follow-
ing enzymatic conversion of cellulose.

FT-IR, XRD and SEM images analysis of IL- or mixed
ILs-treated cellulose

To visualize the variation of cellulose structure treated by
IL, we compared the infrared spectra XRD and SEM images
of water-treated cellulose and ionic liquid-treated cellulose.
From spectra of FT-IR, two infrared ratios were calculated:
(1) ®1437 em-1 / ®g99 cm-1> Which is referred as the crystal-
linity index (O’Connor et al. 1958) or lateral order index
(LOI) (Hurtubise and Krassig 1960), (2) @375 cm-1 / @2000 cm-1>
which is known as the total crystallinity index (TCI) (Nelson
and O’Connor 1964a, b). The higher index value represents
the material has a higher crystallinity and ordered structure
(Li et al. 2009). As shown in Table 1, after dissolved and
incubated in phosphate-type IL or chloride-type ionic liquid
at 130 °C for 20 min, the LOI and TCI of cellulose decreased
after single IL treatment and mixed ILs treatment compared
with water-treated cellulose (LOI=1.34, TCI=1.22). IL
can effectively convert cellulose I structure to cellulose I,
decreasing the crystallinity of cellulose and increasing the
structural homogeneity (Li et al. 2010), while there was
almost no difference in LOI and TCI between [EMIM]
[HSO,]-treated cellulose and water-treated cellulose (con-
trol), indicating IL [EMIM][HSO,] pose almost no effect
on the structure of cellulose for the IL could not dissolve

cellulose. Interestingly, LOI and TCI of cellulose were sig-
nificantly decreased when treated by mixed IL ([EMIM]
[HSO,] mixed with cellulose dissolving ionic liquids). The
lowest value of LOI (0.73) and TCI (0.39) was obtained
from cellulose treated by mixture of [DMIM][DMP] and
[EMIM][HSO,] at 130 °C for 20 min (Table 1), suggesting
that cellulose treated by mixed IL is less crystalline com-
pared to single phosphate-type IL- or water-treated sam-
ples. Therefore, [DMIM][DMP] and [EMIM][HSO,] were
selected in the subsequent process.

The XRD patterns of cellulose pretreated with [EMIM]
[HSO,], [DMIM][DMP] and [DMIM][DMP] + [EMIM]
[HSO,] indicated in Fig.S2.b, Fig.S2.c and Fig.S2.d as dif-
fractograms, respectively, mirror the diffractograms detected
for water-treated sample (Fig.S2.a). [EMIM][HSO,] do not
induce obvious changes in the pretreated cellulose (Fig.S2.b
and Fig.S2.d), which is similar to the work of Bernardo et al.
(Bernardo et al. 2019). It is demonstrated in Figure S2.c and
S2.d that the noticeable transformation is a disappearance
of signal at 22.6° and the presence of a broad signal from
20° to 21.6°. Similarly, the broad signal from 14.6° to 16.0°
disappeared and was substituted with a new signal emerged
at 12.1° (Fig.S2.c and Fig.S2.d). It is indicated that transfor-
mation of cellulose I to cellulose II (Bernardo et al. 2019),
resulting in better enzymatic hydrolysis.

SEM images of water-treated and IL-treated cellulose
are displayed in Fig. 3. Long fibers (Fig. 3al) of cellulose
treated by water (control) showed a highly ordered organi-
zation of well-separated fibers (Raut et al. 2015). Com-
pared with water-treated cellulose (Fig. 3al, a2, a3), more
rupture and porous fibers and more free of trenches were
observed in cellulose treated by [DMIM][DMP] (single IL)
(Fig. 3b). Surface of cellulose granule became rough and
swollen (Fig. 3b2, b3) form after [DMIM][DMP] treatment
which was also reported on cellulosic biomass treated with
phosphate-type IL (Yang et al. 2010). Particularly, around
3-6 pm cellulose particles were obtained after mixed ILs

Table 1 Infrared ratio and

o Treatment reagent LOI (1437/899 cm™") TCI (1378/2900 cm ™) DP value

polymerization degree of

cellulose samples [EMIM]CI 1.19 1.00 330
[BMIM]CI 1.20 1.12 350
[DMIM][DMP] 0.94 0.86 280
[EMIM][DEP] 1.04 1.00 300
[BMIM][HSO,] 1.31 1.22 661
[EMIM][HSO,] 1.30 1.22 663
[EMIM]CI1+ [EMIM][HSO,] 0.98 0.62 254
[BMIM]C1 + [EMIM][HSO,] 1.10 0.96 260
[DMIM][DMP] + [EMIM][HSO,] 0.73 0.39 208
[EMIM][DEP] +[EMIM][HSO,] 0.88 0.52 210
Water 1.34 1.22 676

Cellulose dissolving ionic liquids: [EMIM]CI, [BMIM]CI, [DMIM][DMP], [EMIM][DEP]
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Fig.3 SEM image of water-treated cellulose and ionic liquid-treated cellulose. a Water-treated cellulose. b [DMIM][DMP] ionic liquid-treated

cellulose. ¢ [DMIM][DMP] and [EMIM][HSO,]-treated cellulose

([DMIM][DMP] + [EMIM][HSO,]) treatment (Fig. 3c). The
organization of macrofibrils was completely destroyed, and
particles were agglomerated like nanomaterials (Fig. 3c2,
¢3) which is first reported, implying that the structural trans-
formation generated by the mixed ILs treatment had led to
enhanced accessible possibility and larger surface responsi-
ble (De Melo et al. 2017) for the highest increase in cellulose
degradation (Fig. 3 and Table 1). So, the phosphate-type ILs
and IL [EMIM][HSO,] were selected as candidate solvents
for the subsequent treatment of cellulose.

Thermogravimetric scans comparison of cellulose
samples

The thermal stability of cellulose from water treatment and
ionic liquid treatment was determined by TGA analysis.
The curves show similar trends with weight losses start-
ing at 25 °C and reaching quasi-plateau regions, before

@ Springer

the final degradation of the material. As shown in Fig. 4,
water-treated cellulose gave the highest Ty, value of 316 °C,
followed by cellulose treated with ionic liquid [DMIM]
[DMP] (244 °C), and finally cellulose treated by [DMIM]
[DMP] + [EMIM][HSO,] (216 °C). Similar trend was also
observed by Tang et al. (Tang et al. 2012). Understandably,
the least thermally stable cellulose is the one that is most
severely modified in terms of the crystallinity index and
overall morphology, as also confirmed by SEM and XRD
analysis. Thus, variation in the thermal stability of cellulose
serves as an indirect indicator of the degree of structural
modification ensuing from mixed ILs treatment.

Enzymatic hydrolysis of cellulose samples
It is expected that the DP value provided varies accord-

ing to the method used and to the complexity of the mate-
rial. Therefore, it has been of interest for several authors to
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Fig.4 Thermogravimetric scans comparing the thermal stability
of water-treated cellulose with cellulose pretreated with ionic liquid
[DMIM][DMP] and [DMIM][DMP]+ [EMIM][HSO,]

discuss the DP values obtained by using different methods.
Pala et al. (2007) analyzed DP value deviation of paper pulps
and commercial powder cellulose before and after the enzy-
matic hydrolysis and established enzymes mode of action
on the fibers. Compared with water-treated sample, DPs of
cellulose were decreased when treated with single IL and
mixed ILs. Cellulose macromolecule was destroyed when
treated by IL. Cellulose was fragmented by mixed ILs treat-
ment and DPs decreased from 676 to 254, 260, 208 and 210
after treated by IL mixture of [EMIM]CI+ [EMIM][HSO,],

[BMIM]C1+ [EMIM][HSO,], [DMIM][DMP] + [EMIM]
[HSO,], [EMIM][DEP] +[EMIM][HSO,] (Fig. 5), respec-
tively. Likewise, similar results were observed using mor-
pholinium IL as solvent (single IL) (Raut et al. 2015). It is
recognized that the longer molecules have a corresponding
larger weight on these DP values (Table 1), which is agreed
with the results of the SEM image (Fig. 3). The longer and
more flexible molecules have an effect on viscosity (Fig. 1)
that is more than proportional to the molecular weight
(Pala et al. 2007); as the solvent occupies a large part of the
effective hydrodynamic sphere of the larger molecules, the
smaller molecules have the lower contribution to the viscos-
ity of the cellulose/IL solution (Fig. 2). In our case, [DMIM]
[DMP] + [EMIM][HSO,] was confirmed to be good reagent
for treatment of cellulose, resulting cellulose sample with
low DP value 208 (Table 1).

The same general trend on the DP variation is observed
with enzymatic hydrolysis irrespective of the measuring
technique: a sharp decrease in DP values is detected in all
enzymatic hydrolyzed samples (Fig. 5). The significant DP
variation occurs within 20 min, which is in accordance with
the higher solubilization at that time; after that period, the
DP variation is less important and suggests the decrease in
the endoglucanase activity (Van Wyk 1997). In water-treated
cellulose, the low surface area limits the endoglucanase
accessibility and possibility (according to SEM image analy-
sis, Fig. 3) to B-glucosidase bonds and hence the decrease
in DP is not as rapid as in the IL-treated cellulose and the
native cellulose remains insoluble.

There are many compositions in cellulosic biomass such
as cellulose, lignin, hemicellulose, wax, pectin, protein and
others (Ten and Vermerris 2013) which will affect analysis

Fig.5 Enzymatic hydrolysis of 28
cellulose samples with a variety
of their DP. Cellulose samples
were incubated in phosphate-
type IL or chloride-type ionic
liquid at 130 °C for 20 min.
Conversion of cellulose to sug-
ars for batch samples of 18 mg/
ml cellulose hydrolyzed with 90
FPU Aspergillus niger cellulase
per gram cellulose at 50 °C is
shown as a function of time for
total soluble sugars (measured
using a DNS assay)

Reducing sugars, mg/ml

700
600 —+— [DMIM][DMP]
500 = —% [DMIM]|[DMP]+{EMIM][HSO4]
(=}
=
5]
i<
= —a— Water
4 400 2
]
=
[=]
S —=—DP-[DMIM][DMP]
300 B
@
2
80 —— DP-[DMIM] [DMP]+{EMIM][HSO4]
200 =
—<—DP-Water
100
0

Time, h
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of DP, TGA, Crl, XRD and enzymatic hydrolysis. Cellu-
lose is isolated from natural biomass and milled into 50 pm
particles to obtain cellulose PH101. There are no influence
factors in it. Therefore, we used cellulose PH101 as sub-
strate to evaluate the effect of cellulose pretreatment with
ionic liquid or mixed ionic liquids. The dissolved cellulose
was further precipitated by the addition of deionized water
(Dadi et al. 2006). Clearly, the conversion of treated cel-
lulose to reducing sugar appeared to be higher than that of
water-treated one (control) (Fig. 5). Using IL as treatment
solvent, the conversions of treated cellulose to reducing sug-
ars appeared to at least two folds than that of water-treated
one. The significant hydrolysis of cellulose was observed in
the beginning of the reaction (20 min). Both the hydrolysis
rates and sugars formation rates were significantly greater
for the IL-treated cellulose samples compared to those for
water-treated cellulose (Fig. 5).

Batch enzymatic hydrolysis of IL-treated and water-
treated cellulose was carried out at 50 °C in a water bath
shaker. Control assays (applying denatured enzyme) were
made in parallel to the enzymatic ones. Initial rate of
releasing of total soluble reducing sugars were measured
by DNS assay in enzymatic hydrolysis of cellulose. Cel-
lulose samples were dissolved and incubated for 20 min at
130 °C and precipitated using the water. Rates are calcu-
lated from data obtained in the first 20 min of enzymatic
hydrolysis. The initial rates of enzymatic hydrolysis of
cellulose treated by water (control), [DMIM][DMP] and
mixed IL ((DMIM][DMP] + [EMIM][HSO,]) were 0.0140,
0.7368 and 0.7882 mg/ml~! min~!. Rate enhancement of
enzymatic hydrolysis is defined as the ratio of initial rate of
reducing sugars released for treated cellulose divided by that
of water-treated cellulose. Rate enhancement of enzymatic
hydrolysis of IL [DMIM][DMP] and mixed ILs ((DMIM]
[DMP] + [EMIM][HSO,] in the ratio of 9:1) was 52.6 (simi-
lar to the result of Dadi et al. 2006) and 56.3 times that of
water-treated cellulose. Both the hydrolysis rates and rates
of sugars formation were significantly greater for the treated
cellulose samples compared to those for water-treated cel-
lulose (Fig. 5). The amount of reducing sugars released
from [DMIM][DEP]-treated, [DMIM][DMP] + [EMIM]
[HSO,]-treated cellulose and water-treated cellulose dur-
ing the first 4 h of enzymatic hydrolysis reaction was 13.6,
16.2 and 4.1 mg/ml (Fig. 5), implying that enzymatic con-
version rate of cellulose to reducing sugars was 2.32 and
2.95 times higher than that of water-treated cellulose in the
first 4 h indicating amorphous structure allowing a greater
number of sites (Saqib and John Whitney 2006) and more
possibility for enzyme adsorption. After being enzymatically
hydrolyzed for 12 h, the reducing sugars were achieved in
the concentrations of 16.6, 17.8 and 6.8 mg/ml using single
IL ((DMIM][DEP]), mixed ILs ((DMIM][DMP] 4+ [EMIM]
[HSO,]) and water treatment, respectively, while enzymatic
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hydrolysis rates and rates of glucose formation were obvi-
ously greater for the IL-treated cellulose samples compared
to those for water-treated one. The releasing glucose of
[DMIM][DMP] + [EMIM][HSO,]-treated sample is much
faster than [DMIM][DMP]-treated one. For example, after
8 h 9.3 mg/ml and 11.5 mg/ml glucose were obtained com-
pared to only 4.0 mg/ml glucose was obtained from the
water-treated cellulose (Fig. S3.).

Conclusions

In our approach, mixed ionic liquids were developed to
treat cellulose for efficient cellulase enzymatic conversion.
FT-IR, SEM, XRD, TGA and DP were used to measure the
alteration of structure and intrinsic characters in cellulose,
resulting in amorphous structure allowing a greater number
of sites and more possibility for enzyme adsorption with
subsequent enhancement of hydrolysis kinetics. Almost all
cellulose was hydrolyzed within 12 h of enzymatic hydroly-
sis for mixed ILs-treated sample. Unlike some other studies,
not only outermost surface of cellulose was changed, but the
intact structure of cellulose was destroyed and converted
into micron-sized particles. The results are also attractive to
application in other enzymatic conversions.
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