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Abstract: In this paper, a two-phase system, formed by oxalic acid/choline chloride-based deep
eutectic solvent (DES) and chosen extractants, was used as a dissolution-reaction-separation
system, and metal chloride was used as a catalyst to study the degradation of cellulose to produce
5-hydroxymethylfurfural (5-HMF) and glucose. The effects of the amount of organic solvent and
the reaction temperature on product yield, the repeated recycling of DES, the comparison between a
two-phase system and a homogeneous system, and the mechanism of cellulose degradation to 5-HMF
were investigated. The results show that ethyl n-butyrate has the best extraction effect on 5-HMF.
Compared with the homogeneous system, the yield of 5-HMF and glucose in the two-phase system
is significantly improved. At a temperature of 140 °C and a reaction time of 120 min, the yields of
glucose and 5-HMF reached the maximum, which were 23.5% and 29.8%, respectively. After DES was
reused three times, the yields of glucose and 5-HMF decreased greatly, indicating that the recycling
rate of DES was low.

Keywords: cellulose; deep eutectic solvents; 5-HMF; biphasic system

1. Introduction

5-HMF is a very important new type of platform compound [1]. It not only contains a
variety of functional groups, but also has good reactivity. Therefore, it is widely used in the
manufacture of polymer materials [2], fine chemicals [3], biofuel processing [4-6], and other fields.
Chemical products synthesized using 5-HMF as a raw material, such as 2,5-furandicarboxylic acid [7],
2,5-dimethylfuran, etc., have very high application value in the pharmaceutical, optoelectronic materials,
and biofuel industries.

At present, obtaining 5-HMF through the direct degradation of biomass resources has become
one of the research hotspots for the high value utilization of biomass. Cellulose is an abundant and
renewable biomass resource in nature. It is a chain-like polymer compound linked by D-glucosyl
groups with p-1,4 glycoside bonds. There have been many reports that 5-HMF is prepared from
cellulose through certain transformation pathways [8,9]. First, cellulose is hydrolyzed to glucose under
an acidic catalyst and glucose is converted into fructose through isomerization. Finally, fructose is
formed into a specific intermediate under the catalyst. The intermediate produces 5-HMF by removing
three molecules of water.

As a green dissolving solvent, ionic liquids are all organic salts composed of ions. Most of them
are liquids at room temperature. They have good solubility for cellulose and other polymers [10].
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Therefore, in the process of the catalytic degradation of cellulose to 5-HMF, ionic liquids are widely
used [11]. The ionic liquid has some advantages, in that it has a good effect in dissolving cellulose
and a high yield in the preparation of 5-HMF, but the ionic liquid has some disadvantages, in that
its preparation is relatively complicated, its reuse problem remains to be solved, and its price is high,
so there are few examples of industrialized production at present. As a result, researchers have replaced
some or all of the ionic liquids with low-cost solvents. Mixed solvents are solvents which retain the
dissolving properties of ionic liquids and reduce costs after replacing some or all of the ionic liquids in
the mixed system [12]. The result is that, although the reaction cost is reduced, the yield of 5-HMF is
correspondingly reduced, and 5-HMTF is difficult to extract and efficiently separate, which reduces
the yield.

Abbott [13] found that choline chloride and urea can form a transparent solution by stirring at
room temperature, and then named this solvent deep eutectic solvent (DES). It is a eutectic mixture
composed of a hydrogen bond acceptor and a hydrogen bond donor in the form of hydrogen bonding,
and its melting point is lower than that of any single component. This solvent has many similarities
with ionic liquids in melting point, viscosity, and many other physical and chemical-related properties,
so it is also called an ionic liquid. Compared with ionic liquids, DES has a low price, simple preparation,
100% atomic utilization rate, biodegradability, safety and non-toxicity, and truly realizes the advantages
of green chemistry.

Studies at home and abroad show that DES can be used as a solvent for carbohydrate degradation.
In 2014, Xing et al. [14] reported that, since DES was able to dissolve cellulose, preliminary studies
have begun in the study of the degradation of cellulose-based macromolecular compounds into 5-HMF.
Liu et al. [15] studied the dissolution of cellulose by DES synthesized from several different solid
organic matters and opened up new ideas for the preparation of 5-HMF from biomass resources.
Liu et al. [16] used FeCl3/AICl; as catalyst to dissolve cellulose in a low crystalline region to obtain
a 5-HMF yield of 49% in a HyO-ChCl/MIBK two-phase system, and to dissolve cellulose in a high
crystalline region to obtain a 5-HMF yield of 27%. However, there are many limitations to obtaining
5-HMF by simply degrading cellulose through a single-phase reaction system. The products after the
reaction are difficult to separate, so recovery is difficult and the yield is likely to decrease. Therefore,
selecting a suitable extractant to constitute a two-phase or multi-phase system can effectively improve
the yield of 5-HMF.

Therefore, the cellulose dissolution, catalytic conversion process, and separation mechanism in a
new type of green and environmentally friendly solvent (deep eutectic solvent) system are studied
in this paper. Although its current research is less, it provides new approaches for the development
of new catalytic separation systems. Therefore, deep eutectic solvents may become a new type of
high-efficiency catalytic system instead of ionic liquid transition metals. It is necessary to carry out
in-depth research in terms of its structural design, reaction mechanism, and reaction method, and to
fundamentally understand the deeply eutectic solvent-catalyzed reaction mechanism and the process
and mechanism to improve reaction yield.

2. Results and Discussion

2.1. Selection of Extractant

At room temperature, a small amount of 5-HMF was added to an equal amount of DES, and
then a sufficient amount of tetrahydrofuran (THF), ethyl butyrate, methyl isobutyl ketone (MIBK),
ethyl acetate, and toluene were added, shocked it until fully dissolved, then left to stand and the clock
was started. At the same time, the color of the reaction solution was observed. The stratification status
was noted and timing was stopped. The extraction ability of 5-HMF was investigated by observing the
stratification. The results are shown in Table 1 below.
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Table 1. The solubility of DES and organic solvents.

Organic . e e Primary
Solvents Vi/mL V2/mL DES Time of Stratification = Upper Color Extraction Rate/%
30 min
THF 5 4.86 - The stratification was Dark brown 58.7
not obvious
Ethyl 6 min .
butyrate > 496 i Distinct stratification Light yellow 82.1
10 min
MIBK 5 4.94 ) Distinct stratification Brown 81.5
3 min .
AcOE > 482 i Distinct stratification 80t Yellow 83
Toluene 5 4.90 - > min Light yellow 84.4

Distinct stratification

(Note: V;: Initial volume of organic phase; V: Volume of organic phase after extraction; -: indicates that there is no
DES residue in the organic phase after the rotary evaporation).

It can be seen from Table 1 that there is no residual DES after the evaporation of the five extractants
selected in this experiment. The remaining volume of ethyl acetate and tetrahydrofuran is relatively
small, because the boiling points of ethyl acetate and tetrahydrofuran are relatively low, and parts of
them were evaporated at high temperature. The volume of the other four extractants is almost equal to
the original volume.

It can be seen from Table 1 that the five extraction agents selected in this experiment all have
a certain extraction effect on 5-HMF. However, when tetrahydrofuran was used as an extractant,
the stratification was not obvious. The extraction rate was low, while the extraction effect was not ideal
after standing for 30 min. Although methyl isobutyl ketone has better effect, its upper layer color is
brown, which is different from the light yellow 5-HMEF, indicating that the upper layer liquid contains
other dark-colored impurities. The extraction rates of ethyl acetate, ethyl butyrate, and toluene are
relatively high and nearly the same rate. Comparing these three extractants, although toluene has
the highest extraction rate and it is flammable and easily forms explosive mixtures with air at high
temperatures. Toluene is low toxicity, but inhaling toluene can cause obvious eye and upper respiratory
tract irritation symptoms, which is harmful to humans. In addition, the boiling point of ethyl acetate
(about 77 °C) is far lower than the temperature in this experiment, which makes it is easy to volatilize
and it cannot form a binary liquid phase system. Ethyl butyrate has a boiling point of about 120 °C
and is harmless to the environment. It is an environmentally friendly solvent. Moreover, the extraction
rate of 5-HMF by ethyl n-butyrate as an extractant is not significantly different from that with 5-HMF
by ethyl acetate as an extractant.

In summary, ethyl n-butyrate, with the higher boiling point, has a good extraction effect and is
not harmful to the human body or the environment. It is an environmentally friendly solvent and
meets the requirements of this experiment. Therefore, ethyl n-butyrate is selected as the extractant in
this experiment.

2.2. Effect of the Amount of Organic Solvent on Product Yield

The addition of an organic solvent has an important effect on the product. The organic solvent not
only has an extraction effect on 5-HMF, but also can reduce the viscosity of the reaction system and
has a swelling effect on cellulose. It is important to discuss the amount of organic solvent added to
the experiment.

One gram of cellulose was added to 25 g DES solvent, then the catalyst SnCly was added and at
140 °C, ethyl n-butyrate and DES were successively added to produce mass ratios of 0.5, 1, 1.5, 2,2.5, 3,
and 3.5. During the reaction process, the product was taken out every half an hour to measure its yield.
The experimental results are shown in Figure 1.
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Figure 1. Effect of the ratio of ethyl butyrate and DES on products yields.

It can be concluded from Figure 1 that the amount of ethyl butyrate added has almost no effect on
the yield of glucose, because the extraction agent is added to extract 5-HMF, which has little relation
with glucose. The yield of 5-HMF increased with the dosage ratio of ethyl butyrate to DES. When the
dosage ratio of ethyl butyrate to DES was 0.5, the yield of 5-HMF was 15.44% and that of glucose
was 22.6%. The yield of 5-HMF continued to increase until the dosage ratio of ethyl butyrate to DES
was 2.5. The yield of 5-HMF was 23.5% and that of glucose was 20.89%. On this basis, the dosage
ratio was increased again, and the yield of the two is basically unchanged. When the addition of ethyl
butyrate is too small, the amount of 5-HMF is large, the extractant reaches saturation, and 5-HMF is not
completely extracted. As the reaction proceeds, 5-HMF further generates other substances, resulting
in a reduced yield. When the dosage is increased to 2.5:1, the yield of 5-HMF reaches the maximum.
On the one hand, while the amount of organic solvent is increased and the viscosity of the system
is reduced, the cellulose is moistened and expanded [8], and the intermolecular and intramolecular
hydrogen bonds are easy to break, which is conducive to the reaction. On the other hand, almost all
the generated 5-HMF was extracted into the organic phase, indicating that ethyl n-butyrate played an
extraction role in the reaction and promoted the reaction in a positive direction. The ratio of 5-HMF
yield has little effect on the continuous increase of the dosage. Therefore, the ratio of ethyl butyrate to
DES was 2.5.

In summary, the ratio of ethyl butyrate to DES was 2.5. Under this condition, the yield of glucose
was 22.6% and the yield of 5-HMF was 23.5%.

2.3. Effect of Reaction Temperature on Product Yield

Fifty grams of ethyl n-butyrate was added in 25 g DES solvent and 1 g cellulose was added.
Then the catalyst SnCly was added. With the system setting off a chemical reaction under three different
temperatures (120 °C, 130 °C, and 140 °C), the sample was taken out every half an hour and the yield
was measured. The results are shown in Figure 2.
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Figure 2. Effect of reaction time and temperature on (a) 5-HMF yield and (b) glucose yield.

It can be seen from Figure 2 that the yields of glucose and 5-HMEF increase with time at 120 °C,
but the yields of glucose and 5-HMF are not too high due to the low temperature. The yields of glucose
and 5-HMF are only 2.7% and 4.6% at 30 min. Additionally, they are also only 10.7% and 8.9% at
150 min, not reaching the highest values at this time.

It can be seen from Figure 2 that the yields of glucose and 5-HMF also increase with time before
120 min at 130 °C, but their growth rate is faster. Therefore, the high temperature can accelerate the
reaction within limits. The glucose yield reaches a maximum (29.8%) at 120 min, rises gradually with
temperature before 120 min, then decreases. However, the 5-HMF yield rises between 30 to 150 min.
Compared with 120 °C, the yields of glucose and 5-HMF greatly increase, but the yield of 5-HMF still
does not reach the maximum shown in Figure 2 because the temperature at which DES completely
catalyzes cellulose degradation cannot be reached.

As can be seen from Figure 2, when the temperature is 140 °C, the yields of glucose and 5-HMF
are increased significantly, but the time taken to reach the maximum is different. Compared to 120 °C
and 130 °C, glucose reaches its highest yield earlier. The highest yield is 31.5% at 90 min, then glucose
quickly converts to 5-HMF. The highest yield of 5-HMF is 23.6% at 140 °C, then the value begins to go
down after 120 min. When the reaction temperature is 140 °C, the organic solvent carrying 5-HMF
begins to evaporate, so some products are not returned to the reactor. It results in a small loss of
the product. In this experiment, it is further found that ethyl n-butyrate at 150 °C can be completely
evaporated in less than 10 min, and cannot perform the extraction function.

In conclusion, the optimal reaction time and temperature to prepare glucose and 5-HMF in the
two-phase system (DES-ethyl n-butyrate) are 2 h and 140 °C, respectively. The yield of glucose is 29.8%
and that of 5-HMF is 23.5%.

2.4. Deep Eutectic Solvents Recovery

The reaction solution was extracted by an extractant and the subnatant was removed. Then the
subnatant was filtered with distilled water to get the filtrate. The filtrate was evaporated in a rotary
evaporator to get the recovery solution, which was dried at 70 °C for 24 h in a vacuum oven. After that,
the sample, which was prepared by the smear method for infrared analysis, was obtained.

The first recycled solution dissolved cellulose as a reaction solution, and SnCl, was selected as the
catalyst at a dosage of 1.42 wt%, then the reaction was carried out for 2 h at 140 °C.

The second recycled solution dissolved cellulose as a reaction solution, and SnCly was selected as
the catalyst at a dosage of 1.42 wt%, then the reaction was carried out for 2 h at 140 °C.

Figure 3 is an infrared spectrum of DES which contrasts the first recycled cellulose and multiply
recycled cellulose. The association of hydroxyl groups to form hydrogen bonds at 3400-3200 cm~!,
which is the O-H vibration absorption speak of DES’s characteristic peak. We can conclude that the
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O-H vibration absorption, which was recycled many times, moved from 3400 cm™! to 3390 cm™.

The infrared absorption peak of the C-N stretching vibration of choline chloride weakened. That is
because Cl- is very electronegative and it can induce a reaction. There is a reaction between N- and
cellulose and the reaction destroyed the hydrogen bonds of the cellulose. This reaction weakened
the peak. The C=0O vibration absorption peak of oxalic acid moved to 1744.9 cm™, the peak band
became narrower and weaker, and its content reduced. There is almost nothing changed about the
construction, but the moisture content increased after being recycled many times. Because DES can
absorbed water easily, the moisture content increases after being recycled many times, which easily
reduces the yield of the product. Therefore, it is not suitable for recycling many times.
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Figure 3. IR spectrum of multiply recycled DES.

Here is the test result:

Cellulose was dissolved by the once recycled solution as a reaction solvent, SnCl; was selected
as the catalyst at a dosage of 1.42 wt%, then the reaction was carried out for 2 h at 140 °C. After the
reaction, ethyl n-butyrate was separated in the reaction and the content of 5-HMEF in the glucose and
ethyl n-butyrate was measured after adding a certain amount of ethyl n-butyrate to extract the reaction
solution several times.

Cellulose was dissolved by the second recycled solution as a reaction solvent, SnCly was selected
as the catalyst at a dosage of 1.42 wt%, then the reaction was carried out for 3 h at 140 °C. After the
reaction, ethyl n-butyrate was separated in the reaction and the content of 5-HMF in the glucose and
ethyl n-butyrate was measured after adding a certain amount of ethyl n-butyrate to extract the reaction
solution several times.

Cellulose was dissolved by the third recycled solution as a reaction solvent, SnCly was selected
as the catalyst at a dosage of 1.42 wt%, then the reaction was carried out for 5 h at 140 °C. After the
reaction, ethyl n-butyrate was separated in the reaction and the content of 5-HMEF in the glucose and
ethyl n-butyrate was measured after adding a certain amount of ethyl n-butyrate to extract the reaction
solution several times.

From Figure 4 we can conclude that, even though the reaction time is prolonged, the yield of
glucose and ethyl butyrate both reduce with the increasing duration of recycling. After being recycled
three times, the yield of 5-HMF declined to 5.4% from 10.79% and the yield of glucose declined to 15.2%
from 22.8%. On the one hand, the recovery rate of DES reduced and the cellulose that was dissolved
also declined with the increasing duration of the extractions. One the other hand, the amount of humin
and the viscosity of the reaction system were increased, and the yield of the reaction product declined
with the increase in the by-product.
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Figure 4. Recycling durations of DES.

In conclusion, DES can be recycled and reused, but the yield of 5-HMF is only 5.4%, and the yield
of glucose is 15.2% after being recycled three times.

2.5. Comparisons between Two-Phase and Homogeneous Systems

Compared with the homogeneous system composed of a reaction system only using DES without
an extraction agent, the results are shown in Table 2.

Table 2. Comparisons between one-phase and biphase systems.

Homogeneous System Two-Phase System
Optimum reaction temperature/°C 160 140
Optimum reaction time/min 90 120
DES repeatable number Reuse zero times Reuse three times
Optimal yield of product/% Glucose: 22%; 5-HMF: 11% Glucose: 29.8%; 5-HMF: 23.5%

As can be seen from Table 2:
(1) Optimum reaction temperature

Compared with the homogeneous system, in the two-phase system, the reaction temperature
that is required for the target product to achieve the maximum yield is lower. In the homogeneous
system, the reaction temperature needs to rise to 160 °C to reach the maximum value for 5-HME. In the
two-phase system, the maximum value can be reached at 140 °C.

(2) Optimum reaction time

The reaction time for achieving the maximum volume of 5-HMF in the two-phase system is longer
than that in the homogeneous system. Due to the addition of a large number of organic solvents,
and considering that the organic solvents will evaporate to carry part of 5-HMF after reaching the
boiling point, which affects the experimental results, the temperature is decreased, and if we reduce
the temperature, cellulose dissolution is slow and the product yield is delayed.

(3) DES repeatable number

In the two-phase system, DES can be reused three times, while the homogeneous system cannot
be reused. The reason for this is that if the temperature is too high and the homogeneous system’s
viscosity is too high, the reaction solution sticks to the wall, the by-product increases, and the recovery
rate of DES is very low. In the two-phase system, due to the addition of a large number of organic
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solvents, DES is diluted and DES can be successfully recovered after the completion of the reaction,
and there is no sticky wall phenomenon.

(4) Optimal yield of product

Compared with the homogeneous system, the yield of glucose in the two-phase system was not
significantly different from that of the homogeneous system, while the yield of 5-HMF increased by
18.8%. Glucose is just an intermediate product which exists in the DES system. However, 5>-HMF
was not extracted in time due to the high temperature and the long time in the homogeneous system,
resulting in a too low yield of 5-HMF. In the two-phase system, due to the addition of an extraction
agent, 5-HMF was extracted in time with the progress of the reaction, so the yieldincreased.

It can be seen from Table 3 that the reaction temperature of the homogeneous system is high
and the yield of 5-HMF is low. This is because the viscosity of the reaction system is relatively large,
which is not conducive to the contact between the reaction solvent and cellulose, resulting in less
cellulose glycosidic bond and hydrogen bond breakage, and less yield of 5-HMF generated. In this case,
only by increasing the temperature to break the glycosidic bonds and hydrogen bonds of cellulose,
the side reaction increases while 5-HMF is produced. 5-HMF is further hydrolyzed into other rot
substances, increasing the viscosity of the reaction system, resulting in a decrease in product yield.
In the two-phase system, because of the addition of the organic solvent, on the one hand, the organic
solvent itself can swell the cellulose and increase the dissolution rate of cellulose. With the addition of
the organic solvent, the viscosity of the reaction system decreases and the molecular motion is intense.
It is conducive to the destruction of cellulose glycosidic bonds and hydrogen bonds by the solvent,
so excessive temperature is not required to dissolve the cellulose. The lower the temperature, the lower
the yield of by-products, and increase the yield of 5-HMEFE. On the other hand, the organic solvent
has a certain extraction effect on 5-HMF. During the reaction, 5-HMF can be extracted by the organic
solvent in time, reducing the further hydrolysis of 5-HMF to other substances and increasing the yield
of 5-HMF.

Table 3. The conversion of cellulose to 5-HMF in different systems.

Number Solvent Catalyst Temperature/°C Time Conversion Rate/% Yield/%
1 MIBK/water TiO, 270 2 min - 35
2 water H,COs3 250 30 min - 16.2
3 [BMIM]C1 CrCl; 160 1h 95 31
4 [BMIM]CIl/Toluene CrCl; 130 3h 57 55
5 ChCl/oxalic acid SnCly 160 90 min 60 11
6  ChCloxalicacid-ethyl ¢ - 140 2h ; 23.5 (This study)

n-butyrate

In summary, the two-phase system is more suitable for the preparation of glucose and 5-HMF by
cellulose degradation than the homogeneous system. Compared with other studies, the advantage of
this experiment is that the choline chloride/oxalic acid solvent used is inexpensive and non-polluting.
The organic solvent ethyl n-butyrate used is an environmentally friendly solvent. 5-HMF can also be
removed from the reaction as it is extracted from it, which provides a new idea for the future large-scale
direct preparation of platform compounds from renewable resources, such as cellulose.

2.6. Mechanism of the Catalytic Degradation of Cellulose in DES to 5-HMF

Cellulose is a kind of chain polymer with stable physical properties which is dehydrated
with glucose and connected by f-1,4 glycoside bonds. SnCly was used as the catalyst and choline
chloride/oxalic acid was used as the solvent to catalyze the degradation of cellulose to produce 5-HMF,
the mechanism for which is shown in Figure 5.
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Figure 5. Mechanism of the conversion of cellulose to 5-HMF in a DES system.

For the dissolution of cellulose by choline chloride/oxalic acid, firstly, the O atoms of choline
chloride/oxalic acid, oxalic acid, and cellulose —~OH can form new hydrogen bond between the original
cellulose hydrogen bonds, and secondly, the N atoms of choline chloride haves a high electropositive
activity, which reduces the strength of the hydrogen and oxygen bonds on the carboxyl group and
increases the acidity of the system and breaks the glycoside bonds [17].

For the process of glucose isomerization into fructose, firstly, the O atoms on the glycoside bond
attack the hydrogen in the oxalate carboxyl group to form the hydroxyl group, thus breaking the
glycoside bond. Under the action of the metal chloride SnCly, the Cl atoms in SnCly can interact with
the H atoms in the glucose hydroxyl group, and then transfer H atoms. Then the Sn atoms in SnCly
can interact with the O atoms in the glucose to promote the formation of enol-type intermediates
and the isomerization into fructose [18]. Secondly, the chloride ion attacks the oxygen atom of the
glucose hydroxyl bond and captures the hydrogen atom on the hydroxyl group, thus causing the
oxygen of the hydroxyl group to show an electronegative property, and the C; position forms the
aldehyde group. Then the oxygen on Cs attacks C,, causing the hydroxyl group on C; to fall off and
form a five-membered ring. Later, due to the oxidizability of the carbonyl group, it combines with the
hydrogen in oxalic acid to form an enol intermediate, resulting in the five-membered ring of fructose.
Fructose takes off three molecules of water to get 5-HMEFE.

3. Materials and Methods

3.1. Materials

Ethyl acetate was purchased from Henan Lianchuang Chemical Co., Ltd (Jiyuan, China). Ethyl
butyrate, choline chloride, and HPLC grade 5-Hydroxymethylfurfural (5-HMF) were purchased from
Shandong West Asia Chemical Industry Co., Ltd (Linyi, China), Oxalic acid was purchased from
Tianjin Damao chemical reagent factory (Tianjin, China). Medicinal grade microcrystalline cellulose
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(MCC) was obtained from Chengdu Cologne Chemical Reagent Factory (Chengdu, China). Tin (IV)
chloride (SnCly) was obtained from Tianjin Beichen Fangzheng Reagent Factory (Tianjin, China).
Tetrahydrofuran (THF) was obtained from Suzhou Yake Chemical Reagent Co., Ltd (Suzhou, China).
Methyl isobutyl ketone (MIBK) was purchased from Shanghai Runjie Chemical Reagent Co., Ltd
(Shanghai, China). and methylbenzene from Sinopharm Chemical Reagent Co., Ltd (Huaian, China).
All chemical reagents were used with no further purification.

3.2. Methods

The studied reagents were dried for 48 h at 50 °C in a vacuum drying oven to remove moisture,
then they were added into a four-necked flask with a hydrogen bond donor and hydrogen bond
acceptor in a fixed mole ratio. The mixture was heated in a thermostatic oil bath and protected by
nitrogen to fully mix it to a transparent liquid. The synthesized DES was dried in a vacuum drying
oven for 48 h at 70 °C.

Five milliliters of DES reagent and 5 mL extracting solvent (recorded as V1) were successively
added into a separatory funnel. Then the top stopper was plugged and the separatory funnel was
gently shaken up and down to make full contact between the two phases. The product was kept still
for thirty minutes and the delamination of the solvent in the test tube was observed. After separation,
the two-phase solvent was separated and the volume of the separated organic phase was measured
(recorded as V3). The two recorded volumes were compared to determine the mutual solubility of
organic solvents and DES.

Five milliliters of DES reagent and 5 mL extracting solvent (recorded as V1) were successively
added into a separatory funnel. Then the top stopper was plugged and the separatory funnel was
gently shaken up and down to make full contact between the two phases. The product was kept
still while timing was started and the delamination phenomenon and the color of the upper liquid
was observed. The concentration of the reaction solution before and after extraction was measured
with a UV spectrophotometer (JY10001 German Bruker, Karlsruhe, German) at 284 nm to calculate
the extraction rate. The extraction rate is the percentage content of the original concentration of
5-HMF minus the concentration of 5-HMF in the sample, which is then compared with the original
concentration of 5-HMF.

A syringe was used to draw a certain amount of solution from the upper layer every half an hour.
The reaction was stopped and a small amount of solution was drawn from the lower layer. The upper
solution was diluted with ethyl n-butyrate and the supernatant was analyzed using an ultraviolet
spectrophotometer at 284 nm to measure the concentration of 5-HMF. The lower solution was diluted
with deionized water to a constant volume and a small amount of the solution and was placed under
an ultraviolet spectrophotometer at 540 nm to measure the glucose concentration. The lower layer of
the solution was centrifuged, and the lower layer of the solution was analyzed using an ultraviolet
spectrophotometer to calculate the corresponding yield.

3.3. Calculation of Product Yield

The prepared DES made by the processes above was weighed into a four-necked flask and it was
then filled with N; and dissolved at 100 °C and adjusted to the temperature required for the reaction.
Then the specified mass of microcrystalline cellulose was added, the catalyst was added after stirring
well, and finally the specified volume of ethyl n-butyrate was added into a four-necked flask.

Some of the upper layer solution was sucked up every half an hour. Then the reaction was stopped
and a small volume of the lower layer solution was sucked up. The supernatant was analyzed using a
UV spectrophotometer after diluting the upper layer solution and to a constant volume with ethyl
n-butyrate. The lower layer solution was diluted to a constant volume with deionized water, then the
solvent of the constant volume was sucked up and placed in a UV spectrophotometer to measure the
glucose concentration. Finally, the lower layer solution was centrifuged and was analyzed using a UV
spectrophotometer to calculate the corresponding yield.
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The formula of glucose yield was calculated as shown in the following equation:

Yo = CGTXV % 100% )

where Cg is the concentration (mg/mL) of glucose, V is the volume (mL) of the reaction solution after a
constant volume, and m is the original dosage (mg) of cellulose.
The formula of 5-HMF yield was calculated as shown in the following equation:

CS—HMF X 180V

e x 100% @)

Y5-HMF =
where the Cs v above is the mass concentration (mg/mL) of 5-HME, which is measured using Wang's
method [19].

After the reaction was over, the reaction solution was evaporated on a rotary evaporator, and the
organic solution was recovered to obtain DES for reuse.

4. Conclusions

Glucose and 5-HMF were prepared by using microcrystalline cellulose as a raw material and
metal chloride stannous tetrachloride as a catalyst. Ethyl n-butyrate was selected as the extraction
agent. When the temperature was 140 °C and the reaction time was 120 min, the yield of the product
reached the maximum value. At that time, the yield of glucose was 23.5% and the yield of 5-HMF was
29.8%. The recovery rate of DES was studied, and the two-phase system was more suitable for the
preparation of glucose and 5-HMF by cellulose degradation than the homogeneous system.
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