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lonic liquid/ethanol was used in bamboo hydrolysis residue (BHR) to separate lignin and cellulose. The
optimal dissolution conditions were as follows: 160 °C, 150 min, 1:1 of volume ratio of [AMIMICI to
ethanol, 1: 10 of mass ratio of solid to liquid, when the dissolution rate was 41.7%, the purity of crude
lignin was 86.7%, while that of cellulose product was 92.0%. Additionally the recycling effect of [AMIM]
Cl/ethanol was ideal. The crystal structure of cellulose had not been destroyed; its crystallinity increased.
Cellulose enzymatic saccharification was investigated, and the optimum process conditions were as
follows: 50 °C, 48 h, 2 g L™! of cellulase concentration, pH = 4.5, when the saccharification yield
reached 83.7%. The cellulose crystal structure was destroyed and its degree of crystallinity was
Then to 5-
hydroxymethylfurfural (5-HMF) under Brensted acids or Lewis acids catalysis in [AMIM]OAc. It was found
that the catalytic effect of Lewis acids was much better than that of Bronsted acids investigated,
especially CrClz. Choosing CrCls as catalyst, the optimum process conditions were as follows: 1: 10 of
mass ratio of solid to liquid, 10 mol% (based on monosaccharide) CrClz, 160 °C, 3 h, when the 5-HMF

decreased after saccharification. the monosaccharide was used to convert
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Introduction

With the shortage of fossil energy and serious environment
problems, people have been continuously trying to exploit new
environmental energy resources.' Biomass is considered as the
ideal substitute for fossil energy because of its low price and
renewability.” Therefore, researching and developing the utili-
zation of biomass energy has become the focus of many coun-
tries in the world. Lignocellulosic biomass is mainly composed
of cellulose, hemicellulose and lignin, and their contents are
various in different plants.®* Among all types of biomass,
bamboo is thought as one of the most ideal chemical industrial
feedstocks owing to its fast growth and high content of
cellulose.*

As we know, cellulose is the most-widely-used component in
biomass. It can be used in fiber material, fermentation, paper-
making, and so on.>® So, cellulose separation from bamboo is
important for its utilization. There are many pretreatment
methods for biomass separation, like acid treatment, alkali
treatment, organic solvents method and steam explosion, but
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all of them have obvious shortcomings, such as polluting the
environment and high energy consumption.”"® Therefore,
developing a new method is the priority among priorities. Ionic
liquids (ILs) provide a new method for biomass pretreatment.
ILs are consist of organic cation and inorganic or organic ions,
and it is the melting state of liquid salt in the room temperature
or near, also entirely composed by ion. They have several special
characters, such as low vapor pressure, recyclable, pollution-
free, high boiling point and can been designed, which makes
them popular in many research fields. In the study of biomass,
ILs have made great achievements."™ Yu et al. designed
[BMIM]Br/ethanol to separate pine components based on
Hansen solubility parameters theory, and got high-purity lignin
and cellulose.” Li et al. using [EMIM]OAc to pretreat switch-
grass at 160 °C for 3 h, and the lignin yield reached to 69.2%.
Obviously, ILs is the preferred method for biomass separation.

In recent years, the production of 5-hydroxymethylfurfural
(5-HMF) by the dehydration of biomass-based sugars gained
more and more attention.’””° It is known that fructose has been
selected as an ideal feedstock in many researches and many
methods have been used to achieve excellent 5-HMF yield.**">
However, 5-HMF is not suitable for industrial, large scale
production because of the rareness in natural and expensive of
fructose. Fortunately, glucose, derived from vast cellulose, can
also be used as a candidate for the preparation of 5-HMF.>*%
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But the development of the reaction is limited by some
hindrances. Firstly, cellulose is hard to be degraded to glucose
by common ways. Secondly, glucose has low volatility and high
reactivity due to the high content of hydroxyl group, and liquid-
phase should be utilized. The primary of glucose can only be
dissolved in a few solvents, water, organic solvent dime-
thylsulfoxide (DMSO) and dimethylformamide (DMF), for
instance. But the conversion of saccharide is inefficient when
water was utilized as solvent. And when it takes place in the two
latter solvents, the yield of 5-HMF can be improved but the
separation is more complex and both of the two solvents are of
unfavorable at the environment point of view. On the other side,
the formation of glucose in straight-chain form and the gener-
ation of the enediol intermediate must be catalyzed by catalyst
in the reaction.”**

Enzymatic saccharification has been regarded as a prom-
ising technology in cellulose conversion to glucose for its non-
pollution and efficiency which solved the first problem.**
Cellulase, the most commonly used enzyme in enzymatic
saccharification of cellulose, is a multiple-components enzyme
system which usually contains endoglucanase, cellobiohy-
drolase and B-glucosidase, and they act synergistically in the
reactions.*® Kuo et al.** found that the yield of glucose could
reach to 90% after 72 h using cellulase to hydrolyze cellulose
recovered from IL. Xiros et al* compared the enzymatic
saccharification results of cellulose pretreated by IL and
unpretreated and found that saccharification yield of cellulose
pretreated by IL was 15% higher than that of unpretreated.

ILs have always been used in the conversion of saccharide to
5-HMF in relatively soft conditions. And higher yield of 5-HMF
can be got when ionic liquids are combined with some catalysts
such as Lewis acids and Brgnsted acids. Up to now, Lewis acids
such as SnCl,, CrCl,, CrCl;, FeCl; and so on have been
confirmed to be effective to catalyze fructose and glucose
conversion into 5-HMF.**® Zhao et al.** conducted the research
that sugars converted into 5-HMF, found that very small
amount of certain metal halides significantly reduced the
fructose dehydration barrier in ionic liquids producing 5-HMF
at high yields. Moreover, glucose was selectively converted to 5-
HMF in good yield in ionic liquids with CrCl; as catalyst. Hu
et al.>® found that CrCl;, AICl; and SnCl, were active in the
conversion of glucose to 5-HMF and SnCl, was the most effi-
cient in the [EMIM|BF, with a yield of 5-HMF more than 90%. Qi
et al.*® developed an efficient method for converting glucose
into 5-HMF by using the [BMIM]CI as solvent, in the presence of
CrCl; catalyst and a 5-HMF yield of 72% was obtained with
microwave heating at 140 °C in 1 h. Hu et al.*' conducted the
one pot reaction for the conversion of inulin, consists of fruc-
tose, into 5-HMF, ionic liquids chloride as solvent, Brgnsted
acid, oxalic acid and citric acid as catalyst, found that the two
reaction systems were very efficient at relatively lower temper-
ature and could be reused after simple separation. And no one
has studied what would happen if Bregnsted acids utilized as
catalyst in the conversion of glucose into 5-HMF.

In the present work, bamboo hydrolysis residue (mainly
compose of cellulose and lignin), residue after hemicellulose
extraction by hot liquid water treatment in our previous work,*
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was used as material. We chose an IL to separate cellulose, and
carried out the reaction for the conversion of monosaccharide
derived from cellulose by enzymatic saccharification into 5-
HMF using IL, Lewis acids or Brgnsted acids as catalysts
respectively, and their catalytic performance in the conversion
of glucose to 5-HMF was studied, and the optimum process
conditions was confirmed.

Experimental
1. Materials

Bamboo hydrolysis residue (mainly compose of cellulose and
lignin), prepared at 170 °C, 60 min, solid to liquid ratio 1 : 12 g
mL~' using hydrothermal method on bamboo powder, its
chemical components was shown in Table S1 in ESL{ [AMIM]CI,
[AMIM]OAc, SnCl,, CrCl;, AlICl;, FeCls, ethanol, oxalic acid,
citric acid, malonic acid, benzoic acid, ethyl acetate, deuterated
chloroform (CDCl;), microcrystalline cellulose, cellulase
(produced from Aspergillus niger, 70 U mg ™" of FPA) and tannin
were all purchased from Sigma-Aldrich.

2. Separation of bamboo hydrolysis residue

A certain amount of bamboo hydrolysis residue (BHR) were
added in [AMIM]Cl/ethanol, and then put into a sealed auto-
clave, 150 rpm, in given temperature and desired time. When
the reaction is end, filtration and separation were operated. Dry
the solid product, named crude cellulose. Then add water into
liquid phase, stir for 1 h, until flocculate appeared, then filtrate
and separate the mixture. Dry the solid product, named crude
lignin. The process for separation of residue was shown in
Fig. 1. [AMIM]CI was recycled by reduced pressure distillation.

3. Method of calculation

BHR's dissolution rate is calculated as follow:

Mo — My
0

A= x 100% (1)

where My, is residual solid's mass (g), Mo is BHR's mass (g), A is
BHR's dissolution rate.

o)

[[AMIM]C]/Ethanol]——

[Crude Cellulose] [ Liquid Phase ]

[ Evaporation/H,0 ]—

[ Crude Lignin ]

Fig. 1 Process diagram for separation of BHR.
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The yield of cellulose and lignin is calculated by eqn (2) and
(3), respectively.

X = M]/MC x 100% (2)
Y = My/My. x 100% 3)

where M; is cellulose's mass in crude cellulose (g), M is
cellulose's mass in BHR (g), M, is lignin's mass in crude lignin
(g), My, is lignin's mass in BHR (g).

Cellulose content is determined by ethanol nitrate method;
lignin content is determined by Klason method.****

4. Characterization analysis of products

XRD analysis of BHR and crude cellulose is obtained on Bruker
D8 ADVANCE X-ray diffractometer, experiment condition: Ni
filters, Cu target, pipe pressure is 40 kV, incident ray wavelength
was 0.15418 nm, scanning scope is 10-40°. And the results were
shown in ESL}

FT-IR analysis of crude cellulose and lignin is obtained on
Nicolet Nexus 670, Fourier transform infrared spectrometer,

wavelength range 4000-400 cm ™.

5. Enzymatic saccharification of cellulose and analysis of
reducing sugar

2 g cellulose was added into a conical flask of 150 mL. Then add
0.05 mol L™" citric acid-sodium citrate buffer solution and
cellulase to the conical flask. Seal conical flask and put it into
thermostatic oscillator (150 rpm) for enzymatic saccharification
reaction. Saccharification rate was calculated as follow:

w =" 100% (4)

my

where W is saccharification rate, m, is the mass of cellulose
before enzymolysis (mg), m, is the mass of cellulose after
enzymolysis (mg).

The content of each monosaccharide was measured by an
Agilent ion chromatograph (Dionex ICS-3000, column: Cabo-
PacTMPA20, pulse ampere detector). A total of 1 g of sacchari-
fication products was added to a 500 mL of volumetric flask.
Standard solutions were prepared using glucose, xylose, arabi-
nose, galactose and fructose, whose concentrations were 2, 4, 6,
8 and 10 mg L.

Reducing sugar content was determined by DNS method.*
Reducing sugar standard curve is shown in eqn (5).

A = 0.554¢ + 0.0408, R* = 0.9988 (5)

Then XRD analysis of cellulose after enzymolysis was ob-
tained on Bruker D8 ADVANCE X-ray diffractometer.

6. 5-HMF preparation

1.8 g (0.01 mol) reducing sugar, 0.1 mol [AMIM]OAc and
a certain amount of catalyst were added into an agitated reactor
(20 mL, 500 rpm) in given temperature and desired time for
preparation of 5-HMF. At the end of the reaction, the reaction
mixture was cooled down to room temperature immediately.

This journal is © The Royal Society of Chemistry 2017
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After cooling to room temperature, 5-HMF was extracted
from reaction mixture for ten times continuously using ethyl
acetate. The absorbance (4) of extraction liquid was measured at
284 nm against a blank (the same reagents free from 5-HMF).
The relationship between the concentration [x (ug mL™")] of 5-
HMF (R® = 0.9967) was as follows:

A =0.1132x + 0.0154, R> = 0.9967 (6)

The yield of 5-HMF was calculated from equation as follows:

n
Y = 2% 100% (7)
Ny
where Y is yield of 5-HMF, ny, is the molar ratio of 5-HMF, ny is
the molar ratio of reducing sugar.

7. Identification of 5-HMF

5-HMF was separated from ethyl acetate via reduced pressure
distillation. 5-HMF was identified by "H NMR spectra and FT-IR
spectra which is recorded as solutions in CDCl; at room
temperature, tetramethylsilane (TMS) as internal marker. 'H
NMR spectra at room temperature was collected on a Bruker
spectrometer at 400 MHz. FTIR spectra of prepared 5-HMF at
room temperature was recorded on a NEXUS 670 FT-IR Spec-

trometer in a range of 4000-400 cm .

Results and discussion
1. Optimum conditions of separation process

Effect of volume ratio of [AMIM]CI to ethanol on dissolution
rate of BHR was shown in Fig. 2(a). As shown in Fig. 2(a), when
the volume ratio was from 3 : 1 to 1 : 1, the dissolution rate was
increased, from 37.6% to 40.7%. It could be that the viscosity of
solvent system was decreased with the increase of ethanol
content, which benefitted the mass transfer. But a significant
downtrend was shown from 1 : 1 to 1 : 3, and when the volume

Dissolution rate/%

12 i3 120 140 160 180 200
Temperature*C

% ]

50 100 150 200 250 300 1315 17 k0 LIS LIS 120

Time/min Mass ratio of solid to liquid

Fig. 2 (a) Effect of volume ratio of [AMIMICI to ethanol (180 min,
140 °C, solid to liquid ratio 1 : 15), (b) effect of reaction temperature
(IAMIM]Cl/ethanol 1 : 1, 180 min, solid to liquid ratio 1 : 15), (c) effect of
reaction time ([AMIM]Cl/ethanol 1 : 1, 160 °C, solid to liquid ratio 1 : 15),
(d) effect of mass ratio of solid to liquid ([AMIM]Cl/ethanol 1 : 1, 160 °C,
150 min).
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ratio of [AMIM]CI to ethanol was 1 : 3, dissolution rate was only
29.9%, which suggested that the [AMIM]Cl's content was more
important for its excellent ability to destroy chemical structures
in BHR's dissolution. And it could be seen that 1 : 1 was the best
volume ratio.

Effect of reaction temperature on dissolution rate of BHR
was shown in Fig. 2(b). As shown in Fig. 2(b), dissolution rate
was increased as temperature rose between 120 and 180 °C. This
was because the dissolution of lignin was an endothermic
process. When the temperature rose to 160 °C, dissolution rate
reached to 43.8%, and when 180 °C, it only had been raised by
0.03%. Rising the temperature continuously, dissolution rate
had a little decrease because of generation of insoluble product
like humins. Besides, [AMIM]CI] would become unstable at too
high temperature.”® Therefore, 160 °C is the optimum
temperature.

Effect of reaction time on dissolution rate of BHR was shown
in Fig. 2(c). As shown in Fig. 2(c), dissolution rate was increased
as time went on, and from 60 min to 150 min, dissolution rate
increased significantly, and reached to 41.9% in 150 min.
However, the dissolution rate had little increase from 150 min
to 270 min, and when reaction time was 270 min, dissolution
rate only reached to 44.1%, indicating lignin didn't dissolve in
this period. So, 150 min was the optimal time.

Effect of mass ratio of solid to liquid on dissolution rate of
BHR was shown in Fig. 2(d). As is shown in Fig. 2(d), as the mass
ratio of solvent was increased, dissolution rate was also
increased in all investigated mass ratios. And when it was in the
range of 1 : 3-1 : 1, dissolution rate was evidently increased, up
to 41.7%. However, there was no clearly increase with the
solvent added continuously, and dissolution rate only reached
to 42.2% when 1 : 20. So, the best mass ratio was 1 : 10 from the
point of view of saving.

Thus, the optimum separation condition of lignin and
cellulose was determined as follows: 1:1 of volume ratio of
[AMIM]CI to ethanol, 160 °C, 150 min, 1: 10 of mass ratio of
solid to liquid, when the dissolution rate of BHR could reach to
41.7%.

2. Cyclic utilization of [AMIM]CI

Ionic liquid's recyclability is one of great advantages in biomass
pretreatment. The repeat use times was shown in Fig. S3.1 We
could see that the dissolution rate was decreased as recycling
times. Firstly, this was due to the loss of IL in experiment.
Secondly, a bit of non-distilled water could inhibit lignin
hydrolysis because common lignin was poorly soluble in
water.”” And at last, it might be that residual lignin in IL could
also inhibit lignin hydrolysis. But the dissolution rate still could
reach to about 35% after reuse 4 times, indicating that the cyclic
utilization of [AMIM]CI is ideal.

3. Products characterization analysis

FT-IR spectrograms of crude cellulose and microcrystalline
cellulose were shown in Fig. 3, respectively. Generally speaking,
bands in FT-IR spectrograms appears at 3400, 2900, 1730, 1200-
1300 and 890 cm ', the bands at 3400 cm ' belonged to
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Fig. 3 FT-IR spectra of crude cellulose and microcrystalline cellulose.

stretching vibration of -OH, and the bands at 2900 cm '

belonged to stretching vibration of methyl and methylene, the
bands at 1750 ecm ™! belonged to C=O0 in alduronic acid.*® But
because of presence of impurities, absorption bands appearing
in crude cellulose were a little more than that of microcrystal-
line cellulose. Even so, we also could see that strong absorption
bands in crude cellulose were consistent with cellulose’s char-
acteristic absorption bands.

4. Optimum conditions of enzymatic saccharification
determination

Crude cellulose was taken as raw material to produce reducing
sugar via enzymatic saccharification. Initial pH value, amount
of cellulase, reaction temperature and time were investigated in
following researches.

Effect of initial pH value on the saccharification yield was
shown in Fig. 4(a). It is known that as a kind of protein, enzyme
activity was efficient in certain range of pH. As shown in
Fig. 4(a), when the pH was in the range of 3.5-4.5, saccharifi-
cation yield rose, and reached to 65.1% when 4.5, but when pH

Saccharificat
2 & 8
/
Saccharification yield/%

35 40 5 50 55 60 05 10 15 20 25 0
pH Amount of enzyme/g'L"

Saccharification yield/%

Fig. 4 (a) Effect of initial pH value (45 °C, 24 h, amount of cellulase
1.5g L™, (b) effect of amount of enzyme (45 °C, 24 h, initial pH = 4.5),
(c) effect of temperature (amount of enzyme 2 g L™%, 24 h, initial pH =
4.5), (d) effect of time (amount of cellulase 2 g L™, 50 °C, initial pH =
4.5).
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was beyond 4.5, saccharification yield declined rapidly, and only
was 32.8% when 6, which indicated that cellulase had begun to
become inactive in this period. Based on the above analysis, 4.5
was the ideal initial pH value.

Effect of amount of enzyme on the saccharification yield was
shown in Fig. 4(b). As shown in Fig. 4(b), saccharification yield
was increased significantly with the increase of enzyme amount
in the range of 0.5-2 g L™, while enzyme amount was beyond
2 g L, there was no obvious increase of saccharification yield.
That was because enzymatic hydrolysis of cellulose was a solid-
liquid heterogeneous reaction, enzyme molecule would adsorb
to cellulose's surface, then enzyme and substrate form unstable
compounds, which could react further to become reducing
sugar, adsorption quantity could reach to maximum when
enzyme concentration was up to a certain value and sacchari-
fication yield was good, but adsorption quantity could not be
increased when enzyme concentration was beyond the certain
value.

Effect of reaction temperature on the saccharification yield
was shown in Fig. 4(c). As shown in Fig. 4(c), cellulase’s enzy-
matic activity is temperature-sensitive, saccharification yield
was increased with the temperature from 40 to 50 °C, and
reached to 78.1% at 50 °C because of enzyme activity
enhancement in this period. But saccharification yield declined
rapidly when temperature beyond 50 °C. That was because
cellulase would become unstable, even inactive under higher
temperature. Thus, 50 °C was the best temperature.

Effect of reaction time on the saccharification yield was
shown in Fig. 4(d). As shown in Fig. 4(d), saccharification yield
was increased rapidly in initial reaction stage, and reached to
83.7% for 48 h, because substrate fully contacted with cellulase
in this period, which led to the quick saccharification. However,
saccharification yield only had a little increase with the increase
of time, and only increased by 2.1% for 108 h. It might be that
reducing sugar produced gradually could inhibit the further
enzymatic hydrolysis of cellulose. Moreover, enzyme activity
declined as time went on. So, optimum reaction time was 48 h.

Based on the above analysis, optimum conditions of enzy-
matic saccharification using cellulase were as follows: reaction
temperature 50 °C, initial pH 4.5, 2 g L' of dosage of cellulase,
48 h, when the saccharification yield could reach to 83.7%.

5. Analysis of reducing sugar

Determination results of monosaccharides in the reducing
sugar mixture was illustrated in Table 1. It could be seen that
most of products were glucose, whose content was reached up
to 89.7%. And there was a little xylose, galactose and arabinose
because of hemicellulose hydrolysis in crude cellulose.
However, 3.8% of fructose was generated in saccharification
because of isomerization of slight glucose probably, which was
in favour of 5-HMF production.

6. Influencing factors on the 5-HMF yield

Both Lewis acids and Brensted acids were proved to have the
ability to catalyze reducing sugars such as glucose and fructose
to converse to 5-HMF. The first thing we did was to choose an

This journal is © The Royal Society of Chemistry 2017
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Table 1 Determination results of monosaccharides in the reducing
sugar mixture

Monosaccharide Content (%)
Glucose 89.7
Fructose 3.8
Xylose 44
Galactose 0.5
Arabinose 1.6

ideal catalyst which made the highest 5-HMF yield in IL. [AMIM]
Cl had been proved to be not stable enough at highly temper-
ature in a long time though it is cheaper than [AMIM]OAc.* So
we tried to investigate the effect of [AMIM]OAc in this experi-
ment. And effect of different catalysts on the 5-HMF yield was
shown in Fig. 5. We could see that catalytic effect of Brensted
acids including benzoic acid (BA), citric acid (CA), oxalic acid
(OA), malonic acid (MA), were all much worse than chosen
metal chlorides, which might be that metal ion complexing
actions of Lewis acids with IL could promote isomerization of
glucose to fructose which was in favour of 5-HMF yield.* Among
which the best catalyst was SnCl,, and 5-HMF yield could reach
to 46.8% in SnCl,/[AMIM]OAc. Conversion yield (45.9%) was
also good in CrCl;/[AMIM]OAc, nearly to SnCl,, while the worst
was AlCl;, only 26.5%. It could due to that [SnCly.,]"” of
[AMIM],[SnCl,,,] complex formed and [CrCls,,]"” of
[AMIM],[CrCl;,,] played an more important role in proton
transfer which could better promote isomerization of glucose.>
Although performance of Brgnsted acids was bad in this
condition, but we couldn't fully demonstrate that Brgnsted
acids were poor because of restriction of experimental condi-
tions, so OA's catalytic ability was investigated in following
experiments.

Effect of temperature on the 5-HMF yield was shown in
Fig. 6(a). As was shown in Fig. 6(a), 5-HMF yield was increased
from 90 °C to 170 °C, and when 160 °C, 5-HMF yields of SnCl,/
[AMIM]OAc and CrCl;/[AMIM]OAc were 46.5% and 45.3%,
respectively. But when it rose to 170 °C, 5-HMF yield hardly had
increase, and when 185 °C, 5-HMF yield only was 37.8% which

50 -

40k

30

Yield/%

20

C

atalysts

Fig. 5 Effect of different catalysts on 5-HMF yield (170 °C, 2 h, 10% of
catalyst dosage based on mole number of reducing sugar, 1: 15 of
mass ratio of solid to liquid).
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had a little reduction. This was due to many reasons. Firstly, the
catalysts' activity was increased with the increase of tempera-
ture. Secondly, the viscosity of [AMIM]OAc declined signifi-
cantly, which was beneficial to mass transfer. But if the
temperature was too high, the deactivation of catalyst would
have occurred. As for OA, 5-HMF yield was also increased with
temperature, but when it was beyond 160 °C, 5-HMF yield was
decreased because of probably OA's decomposition. So, based
on above analysis, the catalytic ability of SnCl, and CrCl; to 5-
HMEF conversion was best in 160 °C.

Effect of molar ratio of reducing sugar to ILs (solid to liquid)
on the 5-HMF yield was shown in Fig. 6(b). As was shown in
Fig. 6(b), 5-HMF yields were increased in the range of 1: 3-
1:10 in CrCl;/[AMIM]OAc and SnCl,/[AMIM]OAc. And when
1: 10, 5-HMF yields were 52.9% and 49.5% in CrCl;/[AMIM]OAc
and SnCl,/[AMIM]OAc, respectively. This was because reducing
sugar molecule's motion range was wide in a larger amount of
solvent, which was beneficial to reaction. But in the range of
1:10-1: 18, 5-HMF yields began to decline, which might be
that the reducing sugar molecule couldn't contact with catalysts
in excess liquid. So, 1 : 10 of molar ratio was best.

Effect of amount of catalyst on the 5-HMF yield was shown in
Fig. 6(c). We could see that 5-HMF yields climbed up and then
declined in SnCl,/[AMIM]OAc and CrCl;/[AMIM]OAc. And 5-
HMF yields were increased from 3% to 10% because of catalyst
enough adsorption in reducing sugar. Continuously adding
catalysts, 5-HMF yields were decreased on the contrary, which
was due to overreaction because of excess catalysts. In contrast,
the catalytic effect of CrCl; was better than that of SnCl; no
matter what amount of catalyst was. So, the ideal amount of
catalyst was 10% (based on mole number of reducing sugar),
when 5-HMF yields could reach to 52.9%.

Effect of reaction time on the 5-HMF yield was shown in
Fig. 6(d). It could be seen that 5-HMF yields in two catalytic
systems were all first increased and then decreased. 5-HMF
yield was the highest in 3 h in CrCl;/[AMIM]OAc, reached to
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Fig. 6 (a) Effect of temperature (2 h, 10% of catalyst dosage, 1 : 15 of
solid to liquid), (b) effect of molar ratio of reducing sugar to ILs (2 h,
160 °C, 10% of catalyst dosage), (c) effect of catalyst dosage (2 h,
160°C, 1: 10 of solid to liquid), (d) effect of reaction time (160 °C, 1 : 10
of solid to liquid, 10% of catalyst dosage).
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56.8%. However, it began to decline with time after 3 h, and only
was 40.9% when 10 h. As for SnCl,/[AMIM]OAc, 5-HMF yield
was the highest in 5 h, reached to 54.1%, close to CrCl;/[AMIM]
OAc in 3 h, and began to decline then, but not larger than CrCl,/
[AMIM]OAc. 5-HMF was an unstable chemical, which was easy
to produce side reactions, so it was improper to react for a long
time. Also we could see was that catalytic rate of CrCl; was faster
than that of SnCl, in [AMIM]OAc. Thus, 3 h was a better choice
for the reaction.

In summary, we could conclude that Lewis acids were better
than Bronsted acids for reducing sugar conversion to 5-HMF in
[AMIM]OAc, especially CrCl;, and the optimum conditions of
reducing sugar conversion to 5-HMF were as follows: 160 °C,
1:10 of molar ratio of reducing sugar to IL, 10% of catalyst
dosage (based on mole number of reducing sugar), 3 h, when 5-
HMF yield was 56.8%.

7. Total mass balance

The whole research was divided into three steps, which were
cellulose separation, cellulose enzymatic saccharification and 5-
HMF preparation, respectively. After pretreatment in [AMIM|Cl/
ethanol in optimum condition, the dissolution rate of BHR
reached to 41.7%, and the mass ratio of undissolved solid,
namely crude cellulose, was 58.3%, and the purity of crude
cellulose was 92.0% according to components analysis and
calculation. After adding water to liquid phase, solid product,
namely crude lignin, the purity of crude lignin was 86.7%
according to components analysis and calculation. And 83.7%
of cellulose prepared was converted to reducing sugar at the
optimum conditions. Finally, 56.8% reducing sugar was con-
verted to 5-HMF. In the case of 1 g BHR, the total mass balance
was shown in Fig. S4.7 It could be seen that 27.7% BHR was
converted to 5-HMF.

8. The FTI-IR and 'H NMR analysis of 5-HMF

The FT-IR spectra of prepared HMF was shown in Fig. 7. The
absorption peaks at 1028, 1064, 1276 and 1195 cm ' in the
spectra of prepared 5-HMF were associated with C-O-C vibra-
tion in furan ring. C=C vibration absorption peaks in furan
ring were obtained at 1516 and 1582 cm™'. The strong peak at
1660 cm ' in the spectra indicated the vibration of C=0. The
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Fig. 7 FT-IR spectra of prepared 5-HMF.
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Fig. 8 H-NMR spectra of prepared 5-HMF.

Table 2 Intensity of each peak

Peak (ppm) Intensity
9.54 2712
7.20 12 724
7.15 1508
6.47 1278
4.67 4202
1.55 1172

absorption peaks at 2835 and 3389 cm ' associated with the
vibration of -CH,- and OH, respectively.>* All the functional
groups mentioned were characteristic functional groups for 5-
HMF, indicating that 5-HMF with high purity was achieved.

The "H NMR spectra of prepared 5-HMF was shown in Fig. 8
and the intensity of each peak was listed in Table 2. It could be
seen that 'H NMR (CDCl;, 400 MHz) é: 9.54 (s, 1H, -CHO), 7.15
(1H, d,J = 4.0 Hz, H-3), 6.47 (d, 1H, H-4), 4.67 (2H, s, -CH,-), 1.6
(s, 1H, -OH) and their intensity were all in line with described in
literature.*® So, from the above analysis, we could ensure that
the product prepared was indeed 5-HMF.

Conclusions

In present work, we investigated the bamboo hydrolysis residue
separation process in [AMIM]|Cl/ethanol first, and when 1 : 1 of
volume ratio of [AMIM]CI to ethanol, 160 °C, 150 min, 1 : 10 of
mass ratio of solid to liquid, cellulose with a purity of 92.0% and
lignin with a purity of 86.7% were got. Using cellulase to cata-
lyze cellulose saccharification, when 50 °C, initial pH 4.5,
amount of cellulase 2 g L', 48 h, the saccharification yield
could reach to 83.7%. Catalytic efficiency of different Bronsted
acids and Lewis acids on the conversion of reducing sugar to 5-
HMF in [AMIM]OAc. Bronsted acid was inefficient in the reac-
tion with 5-HMF yield less than 20%. A higher yield of 5-HMF
was obtained when Lewis acids were used as catalysts, indi-
cating that Lewis acid was more efficient in the reaction,
compared to Bronsted acids. Obvious differences were found
among different Lewis acids and the highest yield of 5-HMF of
56.8% was achieved when CrCl; was used as the catalyst.

This journal is © The Royal Society of Chemistry 2017
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