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ABSTRACT

Hydrothermal conversion in subcritical water is a conversion technique which is attractive method because of its ability to
transform wet biomass into valuable chemicals without drying. In this study, the hydrothermal conversion of xylose was carried
out in subcritical water in the absence and in the presence of catalysts. Experiments were performed at temperatures of 250,
300 and 350°C with a reaction time of 1 h. Deep eutectic solvents (DES) were used as catalysts in the hydrothermal conversion
of xylose. The effects of temperature and catalyst addition on the yields of gas and liquid products also on gas and liquid
composition were examined. DES 1 consisting of potassium carbonate and ethylene glycol, DES 2 composing choline chloride
and urea showed catalytic activity by increasing the liquid yield. The main components were identified as hydroxyacetic acid
(glycolic acid), lactic acid, 5-hydroxy methyl furfural, furfural and formic acid. The gas product yield was increased by
increasing temperature for all samples. The presence of DESs showed catalytic activity on gas yield and the maximum gas
yield was obtained as 31.7 % for DES2
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1. INTRODUCTION

Lignocellulosic biomass is the most abundant renewable resource and constitutes the cornerstone in the
production of sustainable materials, chemicals and energy [1]. Lignocellulosic biomass is essentially
consisting of three components: cellulose (35-50 wt%), hemicellulose, (20-35 wt%) and lignin (5-30
wt%) which are responsible for a complex and recalcitrant structure of biomass [2]. Hemicellulose,
among major fractions in the biomass besides cellulose and lignin, is a carbohydrate-based fraction
composed of hexose and pentose sugars as the monomers such as glucose, mannose, xylose and
arabinose. Hemicelluloses could be grouped into four main categories. These are xylans, B-glucans,
xyloglucans, and mannans [3]. Hemicelluloses as polymers, the monomeric sugars have a variety of
applications in the chemical, pharmaceutical and alimentary industries [4]. Several techniques, for
instance, combustion, pyrolysis, hydrolysis and hydrothermal conversion have been used to convert
biomass into value-added chemicals and fuels. Among these techniques, hydrothermal conversion is
considered as a promising technique for the conversion of wet biomass to value-added products [5]. The
hydrothermal conversion offers several advantages including the use of water as a cheap,
environmentally friendly reaction medium with unique properties, and the ability to use wet
heterogeneous biomass feedstock without drying or other pretreatment process [6]. There are some
studies on the hydrothermal conversion of hemicellulose to understand the conversion mechanism and
product identification in literature. The hydrothermal conversion can be carried out in a medium of
subcritical or supercritical water. Above the critical point (T = 374°C and P. = 22.1 MPa), water is
called supercritical water. Water retains its liquid feature in subcritical condition or under pressurized
conditions between the temperature range of 100-374 °C, it has two unique features. One is the low
relative dielectric constant, which is almost the same as those of ambient methanol and acetone. Another
feature is the high ion product. There is the possibility that the water can act as an acid or base catalyst
without the addition of any further catalyst [7]. Moller and Schroder [5] investigated the uncatalyzed
hydrothermal conversion of xylose and xylan as hemicellulose model compounds. The hydrothermal
conversion was performed at temperatures of 160-240°C and reaction times of 5-240 minutes. They
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found that increasing reaction temperatures and reaction time lead to an increase of the xylose
conversion. The maximum furfural yield was obtained as 49% for uncatalyzed subcritical hydrothermal
conversion xylose. When compared to xylose conversion, xylan gave low furfural yields at the same
conditions. Noncatalyzed hydrothermal conversion requires high temperature and pressure, so to operate
at milder conditions; the suitable catalyst may be used to increase the conversion to value-added
chemicals. According to the literature, hydrothermal conversion has been performed using alkali
homogeneous catalysts (NaOH, KOH, K,COs, Na>COs, etc) or homogeneneous and heterogeneous
transition metals [8]. These homogeneous catalysts have several drawbacks such as; causing to
corrosion, producing large amount of waste, lacking of reusability, and difficulty of separation from
products. Due to these disadvantages, heterogeneous catalysts were started to be used instead of these
environmentally hazardous homogeneous catalysts.

Nowadays, deep eutectic solvents (DES) have increasing interest for the conversion of biomass as well
as its constituents. DES is a eutectic mixture generally synthesized by the heating of hydrogen bond
donator (HBD) and hydrogen-bond acceptor (HBA) with final melting point significantly lower than
each component [9]. Deep eutectic solvents (DESSs) are arrangements made from a eutectic mixture of
Brensted-Lewis bases and acids, which has various types of cationic or anionic groups. There are three
types of deep eutectic solvents. Different metal halides and the halide anion from the quaternary
ammonium salt is the type 1. Type Il introduced other metals into formulations and mixing two or more
compounds acting as either hydrogen bond donors or hydrogen bond acceptors are used to synthesize
type 3 [10].

DESs are categorized as a type of ionic liquids because of their specific properties [11]. DES shares
similar properties with ionic liquids but due to their lower cost, ease to preparation and lower
environmental impact when compared to ionic liquids. By considering these advantages, the application
areas of DES has increased. Due to their superior properties DESs have gained more concern on its
application for biomass treatment [12, 13], conversion of cellulose [14, 15], and also biomass
fractionation [16, 17]. Beside these studies, no information about the effect of DES addition in the
hydrothermal conversion of hemicellulose into valuable products in subcritical water has been presented
to date.

In this study, deep eutectic solvents, which are environmentally friendly materials, were tried to enhance
the hydrothermal conversion of xylose. Also, the catalytic effect of two different DESs were clarified
for hydrothermal conversion of xylose and the product distribution. The effects of process parameters,
DES type and also type of feedstock on the product distribution were highlighted.

2. MATERIALS AND METHOD

2.1 Materials

Potassium carbonate (PC), ethylene glycol (EG), choline chloride (ChCI) and urea (U) were used in
DES synthesis. DES1 containing PC and EG, DES 2 containing ChCl and U were used as catalysts for
hydrothermal conversion of xylose in subcritical water. All chemicals were purchased from Sigma-

Aldrich.

Preparation of DES 1
The molecular structure of constituents of DES 1 is given in Figure 1.
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Figure 1. The molecular structure of PC and EG (dark grey: carbon; light grey: hydrogen; red: oxygen; purple: potassium)

To prepare DES], the specified amounts of potassium carbonate and ethylene glycol with a molar ratio
of 1:6 were stirred in a flask and heated until transparent homogenous liquid obtained. Potassium
carbonate has a melting point of 1164.15 K while that of ethylene glycol freezing point is 260.15 K.
Mijalli et al. [18] studied on the synthesis and characterization of deep eutectic solvents composing
potassium carbonate and ethylene glycol, they found the freezing point of DES composing potassium
carbonate and ethylene glycol as 199.85 K. As more ethylene glycol in the composition of the DES
results in decreasing the lattice energy and consequently reduction in freezing points.

Preparation of DES 2

&

Figure 2. The molecular structure of ChCl and U (dark grey: carbon; light grey: hydrogen; red: oxygen;, blue: nitrogen and
yellow: chlorine)

To prepare DES 2 (Figure 2), the specified amounts of choline chloride and urea with a molar ratio of
1:2 were mixed in flask and heated to 80°C. The stirring process was continued at constant temperature
until a transparent eutectic mixture was produced.

The properties of DES 1 and DES 2 are tabulated in Table 1.

Table 1. The physical properties of DESs

DES 1 (PC+EG) [18] DES 2 (ChCI+U) [19]
Density (g/mL) 1.33 1.095
Viscosity (cP) 150 1300
pH 12.8 10

Properties of xylose

D-Xylose is a model compound of hemicellulose and was purchased from Alfa Aesar GbbH and Co
KG. The molecular structure of D-Xylose is given in Figure 3.
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Figure 3. The molecular structure of D-Xylose
Properties of subcritical water

The physical and chemical properties of subcritical water are given in Table 2.

Table 2. Some physical and chemical properties of subcritical water [20]

Ambient temperature Subcritical water
Temperature (°C) 0-100 100-374
Vapor pressure (MPa) 0.003 0.1-22.1
Density (g/cm?) 0.997 8222 82(1):8
Viscosity (uPas) 884 52(;/1 ((é(;llz%))
Dielectric constant 78.5 ?;; 82828

2.2 Experimental Procedure

The hydrothermal conversion experiments were carried out in a stainless steel autoclave. The schematic
presentation of reaction system is given in Figure 4. The batch reactor internal volume was 100 cm?.
The hydrothermal reaction system was made of a special mixing system and temperature was controlled
by temperature controller. The experimental setup also contains gas release pipes, furnace, temperature
and pressure controller, autoclave mixing system, gas collection and measurement units with high
pressure valves.

1.2 g of D-xylose and catalyst; DES 1 or DES 2 (5 wt.%) were fed to the batch autoclave. 15 ml of water
was also injected to the reactor. 1.2 g of biomass and 15 ml of water is the optimum feed amounts with
respect to our previous studies for hydrothermal conversion reaction system. The experiments were
carried out at temperatures of 250, 300 and 350°C. The reactor was closed tightly and the air inside was
purged with nitrogen gas. The system was heated to desired reaction temperature and experiment was
continued up to reaction time of 1 h at the desired reaction temperature.
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1- Otoclave

2- Electrical heater

3- Quter thermocouple
4- Manometer

5- Inner thermocouple
6- Electric Motor

7- High pressure valves
8- Gas cylinder

9- Recorder

10- Temperature
measure and control
11- Gas sample getting
unit

12- Gasometer

Figure 4. Schematic presentation of hydrothermal reaction system
2.3. Analysis

At the end of reaction time, the temperature of the reactor was deceased to room temperature using fans.
The amounts of gaseous and liquid products were measured.

Gas analysis; The gaseous products were collected by glass balloon to measure the total gas volume and
50 ml of gas sample was taken by using a gas tight injector. Finally, the composition of gas products were
determined by HP7890A Gas chromatograph analyzer. GC Analyzer has two thermal conductivity
detectors and one flame ionization detector. It was equipped with P-Plot Al,Os; S column and DB-1 (pre-
column). In addition to them, serially connected 0.5 m long Hayesep Q 80/100 mesh column, 1.8 m long
Hayesep Q 80/100 mesh column, 2.4 m long Molsieve 5A 60/80 mesh column, 0.9 m long Hayesep Q 80/100
mesh column, 2.4 m long Molsieve 5A 60/80 mesh columns were also used in the gas chromatography. As
a carries gas Helium was used in the analysis. The temperature program for the analysis was in the
following: 60 °C isothermal for 1 min, 20 °C min' to 80 °C, 30 °C min™! to 120 °C isothermal for 2.66
min. The calibration of GC was performed with certified standard gas mixture. The compositions of the
C1—C4 hydrocarbons, H,, CO,, and CO were determined by gas chromatographic methods.

Liquid analysis; Shimadzu LC-20A series HPLC was used to identify the liquid products that are
composed of aldehydes, ketones, carboxylic acids, furfurals and phenols. Inertsil ODS-4 (0.25 m long
x 0.0046 m ID) column was employed for the analysis. The HPLC system, consists of SPD-20 multi-
wavelength ultraviolet detector, LC-20AT gradient pump, CTO-10ASVP chromatography oven and
DGU-20AS degassing module. Pure acetonitrile (CH3CN) and water (H.O) with the pH value of 2.25
were used as mobile phase in the analyzer. The HPLC analysis was performed with the varying volume
fraction of the acetonitrile and water mixtures to quantify the carboxylic acids, phenols and furfurals.

According the gas and liquid analysis gas yield, liquid yield and carbon efficiency were determined.
Carbon efficiency was defined as the ratio of amount of carbon obtained in liquid and gaseous products
to amount of fed carbon in xylose.

3. RESULTS AND DISCUSSION

The hydrothermal conversion of xylose in subcritical water was performed in a high pressure-batch
autoclave. Experiments were carried out at temperatures of 250, 300 and 350°C. The effects of
temperature and catalyst addition were highlighted, and gas and liquid yield and also carbon efficiency
were obtained according to the results of analysis.
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The hydrothermal conversion of xylose at 250, 300 and 350°C without catalyst gave the gas yields of
9.603%, 12.519% and 16.158%, respectively as given in Figure 5. The gaseous products are composed
of methane, ethane, ethylene, propane, butane and hydrogen. The carbon content of these gaseous
products were determined with respect to the GC analysis results then the gas yield can be calculated by
Equation 1, given below. Temperature increase caused a significant increase in gas yield. As temperature
was increased, the gas yield enhanced due to the promotion of free radical reactions such as
decarboxylation reaction of the acids to gases [21].

Carbon content of gaseous products
Gas Yield (%) = 2 9 P x 100 Q)
Carbon content of Xylose

DES 1 (PC+EG) was added the system to investigate the effect of catalyst on the hydrothermal
conversion of xylose in subcritical water. DES 1 was prepared by mixing of potassium carbonate and
ethylene glycol at a specified ratio. Potassium carbonate (K>CO3) known as pearl ash is a white salt is
highly soluble in water (112 g/100 mL at 293.15 K) forming a strong alkaline solution. Ethylene glycol
has been utilized as a hydrogen bond donor, and combination with potassium carbonate may be good
candidate for catalytic applications [18]. DES 1 increased the gas yield at all temperatures and the
maximum gas yield was obtained as 21.32% at 350°C in the presence of DES 1.

DES 2 (ChCI+U) was used to accelerate the xylose conversion. Temperature is the key parameter for
biomass conversion in thermal processes. Like other samples, gas yield was increased with respect to
temperature. DES 2 showed positive catalytic effect on the formation of gas products when compared
to the gas products of raw xylose. The maximum gas yield was obtained 31.7% at350°C for DES 2.

50 OUncatalyzed BDES1 ODES2

300
Temperature (°C)

Figure 5. The gas yields for the hydrothermal conversion of xylose in subcritical water

The liquid product yield is defined as the ratio of summation of carbon content of water soluble valuable
products after xylose hydrothermal conversion reaction to carbon content of feed xylose in this study.
After the HPLC analysis, the liquid products were identified and these chemicals are given in Figure 8.
Carbon contents of all measured liquids product were determined. The liquid product yields can be
calculated by Equation 2.

Y. Carbon content in liquid products

Liowid Yield (%) = x 100 2
iquid Yield (%) Carbon content of Xylose @
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Figure 6 represents the liquid yield for uncatalytic and catalytic hydrothermal conversion of xylose. The
liquid yields were determined as 21.01%, 17.31% and 11.55% at temperatures of 250, 300 and 350°C
in the absence of catalyst. Temperature increase caused increase in gas yield and decrease in water
soluble conversion product yield as expected. The catalyst addition favored the formation of liquid
products. The maximum liquid yield was obtained at 250°C for uncatalytic and catalytic hydrothermal
conversion of xylose in subcritical water. In the presence of DES 1 (PC + EG), the liquid yield increased
from 21.01% to 36.52%, from 17.31% to 27.99%, from 11.55% to 16.24% at temperatures of 250, 300
and 350°C. DES 1 showed catalytic activity due to its high solvability capacity. In the presence of DES
2 (ChCI+U), the liquid yields increased to 47.35%, 40.01% and 17.24% at temperatures of 250, 300 and
350°C, respectively. The highest liquid yield was achieved as 47.35% in the presence of DES 2
(ChCI+U) which act as both a solvent and a catalyst.

Abbas and Binder [22] reported the properties of deep eutectic solvent containing choline chloride and
urea, the decomposition temperature was examined using thermogravimetric analysis. TGA curves
showed that decomposition of DES 2 started at 300°C, the high weight loss was achieved above 300°C.
So, the catalytic effect of DES 2 was clear at 250°C when compared to higher temperatures, especially
350°C. At 350°C, there was a little effect on the liquid yield due to the decomposition of DES 2.

The amounts of components in gas product were listed in Table 3, temperature increase and catalyst
addition increased the gas formation, especially CO,. In hydrothermal conversion of xylose in the
presence of DES 2, the amount of CO; was increased from 217.2 to 480.8 g/ kg xylose at 350°C. This
result was lined with liquid yield results.

Table 3. The gas amounts (g/kg Xylose) for the hydrothermal conversion of xylose in subcritical water at different temperatures

Uncatalyzed DES1 DES2
250°C  300°C 350°C  250°C 300°C  350°C  250°C 300°C  350°C
C1-Cs 0.1 0.9 6.7 0.2 1.0 4.4 0.1 1.4 44.4
CO2 140.6 180.7 217.2 2193 230.2 299.8 219.7 248.2 480.8
Ha 0.4 11 1.4 0.8 1.0 4.7 0.8 1.9 12.9
50 B Uncatalyzed BDES] BIDES2
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Figure 6. The liquid yields for the hydrothermal conversion of xylose in subcritical water

C efficiency can be defined as the ratio of the total amount of C in gaseous and liquid products after
conversion of xlyose to C in fed xylose. C efficiency values were given in Figure 7, the highest C
efficiency values were achieved at 250°C for uncatalytic and catalytic runs. For the uncatalytic
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hydrothermal conversion, carbon efficiencies were achieved as 30.62%, 29.83% and 27.7% at
temperatures of 250, 300 and 350°C, respectively. There was a slight decrease in carbon efficiency due
to temperature increase. The reason for the decrease in C efficiency may come from the increase in the
formation of humins and tar with respect to temperature. Gallo and Trapp stated that hydroxyl groups
of HMF suppress the rehydration while decomposion of biomass and causes the formation of humin that
is undesirable side products [23].

Both DES 1 and DES 2 increased to carbon efficiency. At 250°C, DES 1 increased the carbon efficiency
from 30.62% to 51.51% and DES 2 enhanced the carbon efficiency to 62.91% at 250°C. The maximum
carbon efficiency of 62.91% was achieved at 250°C in the presence of DES 2. At 350°C, C efficiency
decreased from 62.91% to 48.94% due to polymerization of products, humin and tar formation. Humin
and other side products are undesired chemicals in the conversion of biomass [23, 24]. The higher
temperatures favored the further reactions and high molecular weight products may be produced, and
low C efficiencies were obtained.

W Uncatalyzed ® DES1 A DES2
70
A

60 i
< 50 ® X
Z ([ J
>
§ 40 °
£ 30 u u
© 20

10

0

200 250 300 350 400

Temperature (°C)

Figure 7. The effects of temperature and catalyst on C efficiency

Figure 8 illustrates the amounts of liquid products for uncatalyzed hydrothermal conversion of xylose
in subcritical water. The production of valuable compounds from xylose involves several complex
reactions and several intermediate products. In subcritical water medium, xylose is converted into 5-
HMF and furfural. The decomposition of 5-HMF produces furfural. The amounts of furfural, 5-HMF
were obtained around 10 and 31.5 g/kg biomass at 250°C. The furfural yield in batch processes has
reported as low values due to the occurrence of undesired parallel reactions leading to formation of
humins [2]. The proposed mechanism of xylose conversion in subcritical water was given in Figure 9.
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Figure 8. The amounts of liquid products for uncatalyzed hydrothermal conversion of xylose in subcritical water
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Figure 9. The mechanism of xylose conversion [25]

In literature, there are several approaches to improve yields of value-added compounds such as use of

several acidic or basic catalysts, homogeneous or heterogeneous systems and monophasic/biphasic

reaction systems. In this study, two different deep eutectic solvents were used to achieve improvements
in the yields of furfural and 5-HMF. Figure 10 shows the effect of DES 1 on the amounts of compounds

in liquid composition.
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Figure 10. The amounts of liquid products for hydrothermal conversion of xylose in subcritical water catalyzed by DES 1

Xylose conversion may proceed in two ways; furfural, 5-HMF, levulinic acid and formic acid can be
produced by dehydration, glycolic acid, lactic acid and formic acid are produced through retro aldol
condensation reactions. DES 1 is a highly basic catalyst, the basic medium promotes the retro aldol
condensation reactions. DES 1 provides the basic medium for the hydrothermal conversion of xylose.
The use of DES 1 (PC+EG) increased the amount of hydroxyacetic acid (glycolic acid) from 13.9 to
38.8 g/kg biomass because of the basic nature of DES 1. Also formation of formic acid enhanced in the
presence of DES 1 as catalyst due to the acidic nature of subcritical water. At subcritical condition, the
ion products (H30* and OH") in water will make the water acidic and at this condition the water become
a good solvent for converting xylose to other products [26].

The performance of DES 2 in xylose conversion under different reaction temperatures is summarized in
Figure 11. DES 2 (ChCI+U) increased the liquid yield and the composition of some products. The
amount of hydroxyacetic acid was increased from 13.9 to 17.7 g/kg xylose in the presence of DES 2.
The maximum amount of hydroxyacetic acid was found as 38.8 g/kg xylose at 250°C for hydrothermal
conversion catalyzed by DES 1. The main components of liquid product were obtained as hydroxyacetic
acid, formic acid and lactic acid for the hydrothermal conversion of xylose in subcritical water. DES 2
(ChCI+U) showed slightly less basic character when compared to DES 1. The reaction pathway proceeds
to retro aldol reaction routes [27].
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Figure 11. The amounts of liquid products for hydrothermal conversion of xylose in subcritical water catalyzed by DES 2

This study highlights the use of DES as a catalyst and solvent for hydrothermal conversion of xylose.
The studies on the application of DES in hydrothermal conversion of biomass constituents are limited
and this study could help to understand the effect of DES addition for the hydrothermal conversion of
xylose.

4. CONCLUSION

Hydrothermal conversion of Xylose as a model compound of hemicellulose to valuable products was
studied under subcritical water condition in the absence/presence of deep eutectic solvent (DES). Two
types of DES were used in this study. DES 1 was synthesized by potassium carbonate and ethylene
glycol, DES 2 was synthesized by choline chloride and urea. The reaction temperatures were 250, 300
and 350 °C. As expected in hydrothermal conversion, the gas yield was increased with increasing
temperature for all xylose samples. The highest yield was achieved with DES 2 at 350 °C. And the yield
of the liquid products which were produced after hydrothermal conversion decreased in contrast to gas
yield. The highest liquid product yield (47.3%) was obtained in the presence of DES 2 at 250 °C. The
carbon efficiencies were calculated and found as 30.6%, 51.5% and 62.9 % for Uncatalyzed, DES 1 and
Des 2 samples respectively. Regarding the results, DES 1 and DES 2 showed positive catalytic effect
on conversion of xylose. In addition to this, water soluble organic product formation increased in the
presence of DES.
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