Akita University

PRODUCTION OF SOLID FUEL WITH HIGH CALORIFIC
VALUE FROM LOW-RANK COAL AND WOODY BIOMASS
BY DEGRADATIVE SOLVENT EXTRACTION USING DEEP

EUTECTIC SOLVENT

RARBRERAVESREF S BERBICL S BRER ERE
NAAI A b DEEREEERHORE

2023
Pedro Domingos DAUCE
Akita University



Akita University

Contents

Chapter 1 INTrOAUCTION .....c.eiiiii et 1
1.1 Importance of low-rank coal and woody biomass utilization...............c.cccceeevernene. 1
1.2 Effective utilization of low-rank coal and biomass............c.ccccccvevii i, 2
1.3 Degradative solvent extraction of low-rank coal and biomass............ccccccccvverveennne 4
1.4 Deep EUTECTIC SOIVENT .......ooiiiiiie e 5
1.5 Purpose of doCtoral theSiS...... ..o 6

=] (] (=] [0SR 8

Chapter 2 Degradative solvent extraction of low-rank coal with deep eutectic solvent

and effect of reaction conditions 0N PrOAUCES .........ccueiiieiiienieiiie e 11
2.1 INTFOTUCTION ...ttt e bt et 11
2.2 EXPEIIMENTAL.......oiiiiiiiiiiie ettt 13

2.2.1 DES Preparation.........cccceeiiiieiiee et e e siee e steeesiaa e s aaa e snae e snan e e snaaeesnneaennnes 13
2.2.2 Low-rank coal SAMPIE ......covviiiiec s 13
2.2.3 Degradative solvent extraction of Adaro Coal ...........cccceeviveiiiie e, 14
2.2.4 Method for separating eXTract ..........cccccuveeiiieeiiie e 14
2.2.5 Product CharaCterization..............ccoiieiiieiiiiieiee et 15
2.3 RESUILS AN AISCUSSION .....eoviiiiiiiiieiieeie ettt 16
2.3.1 Whereabouts of DES after the degradative solvent extraction........................ 16
2.3.2 Effect of different reaction conditions on the product yields................c.......... 18
2.3.3 Elemental composition of the Soluble.............cccoeeiiieii e, 24
2.3.4 Structural characterization of Soluble and Residue .............cccoceiiiiiiiinnn, 30
2.3.5 Calorific value of SOIUDIE ...........ooiii 32
2.4 CONCIUSION ...ttt ettt ne e 32
RETEIENCES. ...t 33

Chapter 3 Solvent-soluble component obtained from degradative solvent extraction of

woody biomass using deep eUteCtiC SOIVENT ...........coiiiiiii e 35



Akita University

S L INEFOTUCTION ...ttt 35
B2 EXPEIIMENTAL.......ooiiiiiiieiii et 37
3.2.1 DES preparation and Sample ... 37
3.2.2 Degradative solvent extraction of woody biomass, lignin and cellulose........... 37
3.3 RESUILS aNd ISCUSSION ......viiiiiiiiiiii ettt 38

3.3.1 Effect of DES addition on the yields and chemical compositions of Soluble and

ReSIAUE TrOmM DIOMASS ... 38
3.3.2 Structural characterization of Soluble and Residue .............cccooeiiiiiiiinnnnn, 46
3.3.3 Calorific value of SOIUDIE ...........cooiiiii 51

3 CONCIUSION ...ttt ettt et et et et e st 51
RETEIEINCES. ...ttt sttt b et nte e 52

Chapter 4 Role of deep eutectic solvent on degradative solvent extraction of low-rank

coal and WOOAY DIOMIESS.........ooiuiiiiieiiieiie e 54
A1 INTFOAUCTION ...ttt n et nne s 54
4.2 EXPEFIMENTAL......oiiiiii ettt e e e e e e et e e nes 54

4.2.1 DES preparation and SAMPIES ...........eeoiiieiiiie e e e 54
4.2.2 Degradative solvent extraction of lignin and cellulose.............ccccceevvvveviiieennen. 55
4.3 RESUITS AN ISCUSSTON ......viviiiiiiiiiiitieite ettt 55
4.3.1 Degradative solvent extraction of ligninand AC ..........cccccccoveevie v, 55
4.3.2 Structural characterization of Soluble and Residue from lignin and AC ....... 61
4.3.3 Role of DES for degradative solvent extraction of lignin................cccccceeeene. 63
4.3.4 Role of DES for degradative solvent extraction of low-rank coal.................... 65
4.3.5 Degradative solvent extraction of cellulose and WC...........c..ccoovieviiieiiecene. 66

4.3.6 Structural characterization of Soluble and Residue from cellulose and WC.. 72

4.3.7 Role of DES for degradative solvent extraction of cellulose and WC.............. 75

4.4 CONCIUSTON ...ttt bbbttt b 76
RETEIENCES. ...t 78
Chapter 5 CONCIUSIONS ........iiiiiiiiie et e e s 80



Akita University

T8 @0 o o U 15{ o] TSSO 80
5.2 FULUIE PIOSPECES ...ttt 80
ACKNOWIBAGMENTS ...ttt et 82
Peer-Reviewers Journal Papers related to this thesSiS..........ccccevvieiiiiiiiie e 83
Papers presented at domestic conferences related to this thesis............ccccovveiiiieeiinnns 84



Akita University

Chapter 1 Introduction

1.1 Importance of low-rank coal and woody biomass utilization

Coal has been used as fuel for heat and power generation in power plants and other
manufacturing industries. Coal consumption is gradually decreased, but still accounted for
approximately 27% of the total energy consumption in 2020 as shown in Fig. 1.1 [1,2] because
of its abundant reserves and low cost [3].

Coal can be divided into high-rank coal and low-rank coal. High-rank coal is the main raw
material for power generation and iron making. This is because high-rank coal has a high
heating value, high carbon content, low moisture content, low ash content, and high caking
property. However, the amount of available high-rank coal is declining; we will have to resort
to utilize low-rank coal and biomass in the future (see Fig. 1.2) [2,4,5].

Low-rank coal, however, has several disadvantages as compared with high-rank coal
including a low heating value, low carbon content, high moisture content, and high ash content
that contributes to environmental pollution [3, 6,7]. This is a reason why is difficult to use the
low-rank coal. It istherefore essential to develop technologies for dewatering and/or upgrading
low-rank coal for the effective utilization.

Biomass is also attractive as a fuel source. Biomass contains large amount of water with a
correspondingly high oxygen content and low carbon content. The utilization of biomass as
fuels has several drawbacks such as low calorific value, high oxygen content, high tendency of
spontaneous combustion, inconvenience of storage, and difficulty in application to
conventional processes in terms of burning, fermentation, and energy conversion [8,9]. The
drawbacks that biomass has typically are similar to those low-rank coal has. Accordingly, the
technologies developed for the effective utilization of low-rank coal are believed to be applied

with the same effect to the effective utilization of biomass.
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Fig. 1.1 Fuel shares of primary energy [2].
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Fig. 1.2 Total proved reserves of high-rank coal at end-2016 [4] end-2019 [2], and at end-2020
[5] in Million tonnes (Mt).

1.2 Effective utilization of low-rank coal and biomass
Coal is an important conventional fossil fuel. The common usage of coal is mainly through
direct combustion for electricity generation, or as a feedstock to produce coke.

The minable reserve of high-rank coal has been depleting very rapidly due to the rapid
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increase of worldwide coal consumption. This inevitably requests us to utilize low-rank coal
instead of the high-rank coal, because the reserve of the low-rank coal is abundant. The low-
rank coals are currently used just for power generation near coal mines because they have
several drawbacks to be overcome for effective utilization. As described above, low-rank coal
contains a large amount of water and oxygen functional groups, resulting in low calorific value.
When dewatered and/or dried, their propensity to spontaneous heating largely increases, which
makes their storage and transportation extremely difficult. It is therefore essential to develop
technologies for dewatering and/or upgrading low-rank coal for their effective utilization [10].

Upgrading of low-rank coals in order to reduce the moisture and volatile matter contents is
of significant interest in coal research, since this can prevent self-heating and spontaneous
combustion during transportation and storage. Various dewatering and upgrading processes
have been developed since the 1920s. Among them were the superheated and pressurized steam
drying, hot and supercritical water drying and hydrothermal-mechanical compression drying
processes [11]. There are many other studies on the upgrading low-rank coal and biomass.
Although pyrolysis and liquefaction are methods that require severe conditions of high
temperature and high pressure, the product yield is low and the oxygen content in the product
is relatively high. The use of acids or alkalis under hydrothermal conditions was considered in
order to dissolve minerals and leave a relatively pure organic matrix to produce ultra-clean
coal. This method can reduce ash content to <0.5 wt%, but the oxygen content in the sample
after demineralization remains high, with decreased calorific value [12,13]. Hence, we have
focused on a degradative solvent extraction method. The degradative solvent extraction is very
attractive, because this method is operated under mild conditions and can extract low-
molecular-weight compounds with low oxygen content as solid fuel even from low-rank coal
and biomass.

Fig. 1.3 shows the difference between degradative solvent extraction and conventional
heat-treatment [14]. The conventional heat-treatment, which is a method of heating low-rank
coal at a low temperature of around 350 °C in inert gas, produces oxygen-containing low-
molecular-weight compounds as well as CO, and H20 by cleaving some chemical bonds in the
low-rank coal. However, since radicals generated by heating are unstable in inert gas
atmosphere, polymerization also occurs at the same time. This is because the low-rank coal
consists of many low-molecular-weight molecules connecting by hydrogen bonding. As a
result, the yield of low-molecular-weight molecules is very low. On the other hand, the
degradative solvent extraction is a method of heating low-rank coal at a low temperature of

350 °C in non-polar solvent such as 1-methylnaphthalene (1-MN). In non-polar solvents,
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because the hydrogen bonding is easily cleaved by heating, it is considered to be difficult to
combine low-molecular-weight molecules with each other and to increase the molecular
weight. In addition, since the oxygen is desorbed as H-.O and COy, it is considered that the
oxygen does not remain in the components soluble in the solvent. Therefore, the yield of low-
molecular-weight compounds, which contain a small amount of oxygen, is expected to be high.

Woody biomass has a structure in which cellulose, hemicellulose, and lignin are intricately
entangled by intermolecular forces such as hydrogen bonding. Therefore, the method proposed

to upgrade low-rank coal can be also applied to woody biomass.
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Fig. 1.3 Comparison between degradative solvent extraction process and conventional heat-

treatment process [14].

1.3 Degradative solvent extraction of low-rank coal and biomass
In degradative solvent extraction, low-rank coal and biomass with a low carbon content are

added to non-polar solvents in an autoclave as shown in Fig. 1.4 [9] and pyrolyzed at high
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temperatures and pressures. This method can separate coal or biomass into three types of solids:
insoluble components (Residue), high-molecular-weight extract (Deposit), and low-molecular-
weight extract (Soluble), which is dissolved in the solvent at room temperature. Also, small
amounts of gases and liquid products are generated [15]. It has been reported that Soluble
contains a considerable amount of carbon [15-19]. Li et al. [16-18] performed a degradative
solvent extraction of lignite (C: 63—76 wt%, O: 16-30 wt%) in a nitrogen atmosphere at 350
°C for 60 min using 1-MN as a solvent. This method produces Soluble that has a carbon content
of >80 wt% and is almost ash-free, however, its yield is as low as 20-30 wt% and the oxygen
content is as high as approximately 10 wt%. Other studies reported that the degradative solvent
extraction had disadvantage of low Soluble yield from low-rank coal and biomass at 350 °C
using 1-MN as solvent, for example: the yield of Soluble from Pendopo (PD) (low-rank coal)
was 23.2 wt% [10] and the yield of Soluble from rice straw (RS) (biomass) was 20.7 wt% [20].
Soluble component can be used as solid fuel for heat and power generation in power plants and
other manufacturing industries. Therefore, it is necessary to extract as much amount of Soluble

as possible.

autoclave

furnace
stainless steel
filter

0.5 um

c +~— valve

CSoluble™

reservoir 350 mL

Fig. 1.4 Schematic diagram of degradative solvent extraction equipment (autoclave) [9].

1.4 Deep Eutectic Solvent

The inherently high oxygen content lowers the energy density of the low-rank coal and
biomass so that deoxygenation is often required when fuels are the target products. The use of
deep eutectic solvents (DESs) has attracted significant attention to enhance the Soluble yield

and achieve further deoxygenation, because DESs have the role of cleaving the ether moiety in
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low-rank coal and promoting the separation of the oxygen-containing compounds. DESs are
liquid eutectic mixtures produced by the simple mixing of two components, hydrogen-bond
acceptors (HBAs) and hydrogen-bond donors (HBDs), and heating at low temperature. The
freezing or melting points of DESs are significantly lower than those of the individual
components. In addition, DESs have advantages such as environmentally acceptable solvents,
low cost, low toxicity, biocompatibility, biodegradability, minimum volatility, non-
flammability, and suitability for many industrial applications [21-25]. Alhassan et al. [26]
prepared a DES by mixing choline chloride (ChCIl) as an HBA and iron (IlI) chloride
hexahydrate (FeCls-6H,0) as an HBD at a molar ratio of 1:2 and upgraded the biomass (de-
oiled Jatropha curcas cake) by hydrothermal liquefaction under an initial pressure of 4.5 MPa
at 250 °C for 40 min. It is reported that FeCls in DES functioned as a Lewis acid and promoted
extract aromatization by cleaving the ether bond. Recently, the extraction of phenolic
compounds into DES has been performed to separate them from the tar produced by thermal
decomposition [27-29]. Jiao et al. [27] reported that phenol was extracted into DES (ChCI:
trifluoroacetic acid = molar ratio 1:2) at 30 °C for 60 min, reaching an extraction efficiency of
90 wt%. In addition, oxygen-containing compounds, such as phenol, are separated from
aromatic compounds by intermolecular interactions, particularly by forming hydrogen bonds
with DES [28]. Previous studies have shown that the physicochemical properties of DESs have
a significant influence on the extraction efficiency and higher yields of biomass by
decarboxylation reaction [30,31].

In this way, DESs have been applied in different research fields such as electrochemistry,
catalytic reactions, materials preparation, molecular purification, chromatographic separation,
etc., as well as in the production of environmentally friendly liquid fuels [32,33]. However,
there have been no researches using DES for the degradative solvent extraction. Herein, we
have performed the degradative solvent extraction of low-rank coal and biomass with DES that
is prepared using ChCl and FeCls-6H-0.

1.5 Purpose of doctoral thesis

The objective of this doctoral thesis is to investigate the Soluble yield and the oxygen
content in Soluble and to clarify the role of DES on the extraction of Soluble when the
degradative solvent extraction of Indonesian Adaro sub-bituminous coal and cedar powder
under various conditions are carried out.

This thesis is composed of 5 chapters.

In the chapter 2, the degradative solvent extraction method of Indonesian Adaro sub-
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bituminous coal (AC) (150-250 um) was performed at 200-350 °C for 90 min in 1-MN to
obtain a substance dissolved in the solvent at room temperature (Soluble). And, the effect of
DESs addition amount and the reaction temperature on the Soluble yield and the oxygen
content in Soluble was investigated. The collected gas products were qualitatively and
quantitatively analyzed by gas chromatography (GC). The structure of Soluble and Residue
was analyzed by infrared spectroscopy (IR), thermogravimetry (TG) and elemental analyses.

In the chapter 3, production of solid fuel with high calorific value from cedar powder (425
— 600 pum) as the feed biomass by degradative solvent extraction at 300-350 °C for 90 min in
1-MN using deep eutectic solvent (DES) was investigated.

In the chapter 4, the effect of DES addition and reaction temperature on degradative solvent
extraction of low-rank coal and woody biomass was discussed by comparing with the results
of lignin and cellulose. And the role of DES on the degradative solvent extraction of low-rank
coal and woody biomass was supposed from these results.

In the chapter 5, the conclusions obtained in this study are summarized. Finally, the
necessity of the upgrading of low-rank coal and woody biomass by degradative solvent

extraction in Mozambique is described.
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Chapter 2 Degradative solvent extraction of low-rank coal with deep eutectic solvent and
effect of reaction conditions on products

2.1 Introduction
The amount of available low-rank coal such as sub-bituminous coal and lignite are
abundant as shown in Fig. 2.1. However, low-rank coal has a low heating value, low carbon

content, high moisture content, and high ash content. In the future, it will be necessary to
actively use the low-rank coal [1-3].
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Fig. 2.1 Total proved reserves of low-rank coal at end-2016 [1], end-2019 [2], and at end-2020
[3] in Million tonnes (Mt).

The typical structure of sub-bituminous coal and lignite (brown coal) is shown in Fig. 2.2
[4,5]. There are a lot of oxygen-containing groups such as phenolic OH, carboxyl, and ether
groups in low-rank coal. In order to produce the Soluble component with low oxygen content,
the bond involving oxygen must be successfully cleaved. In the previous study, the degradative
solvent extraction of low-rank coal such as Loy Yang (LY) and Pendopo (PD) was performed
under 0.5 MPa of helium atmosphere at 350 °C for 60 min. Table 2.1 shows the ultimate and
proximate analysis of LY and PD as well as Soluble yields [6]. The Soluble obtained from LY

and PD has a higher carbon content and a very lower ash content than the original coal.

11
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Fig. 2.2 Typical structure of a) sub-bituminous coal [4] and b) lignite [5].

Table 2.1 Ultimate and proximate analysis of Loy Yang (LY), Pendopo (PD) and Soluble [6].

Temperature Yield Ultimate analysis Proximate analysis wt% (d.b)
wt% (d.a.f)
(°C) (wt% d.a.f) C H N Odiff V.M. E.C. Ash
LY 66.6 45 05 284 50.0 47.8 2.2
. Soluble ____ 200 __ 822 77 _05_ 96 _____ 763 23701 __
PD 67.5 51 0.8 26.6 494 38.0 12.6
Soluble 23.2 83.8 76 0.7 7.9 76.3 23.4 0.3

Previous study on the structure and properties of Soluble obtained from low-rank coal
demonstrated that physical and chemical properties of Soluble was almost the same
independent of low-rank coal. The elemental composition and heating value of Soluble were
very similar to those of bituminous coal [6,7]. From TG, the weight loss of the Soluble was
observed to be slightly larger than that of raw low-rank coal, indicating that the Soluble was
composed of low-molecular-weight compounds compared with the raw low-rank coal [9]. FT-
IR revealed that the absorption peaks referred to oxygen-containing groups in Soluble were
smaller than those in raw low-rank coals. Also, the Soluble was relatively richer in aliphatic
carbons while the Deposit contained more aromatic structures [7]. The Soluble was composed
of low-molecular-weight compounds having a molecular peak at ca. 300 and the volatile
compounds in Soluble identified by GC-MS were single and double aromatic ring compound
derivatives as well as long-chain aliphatic compounds [8].

From these results, Soluble is a good fuel. However, the yield of Soluble obtained by the
degradative solvent extraction of low-rank coal is very low around 20 wt%.

Since the long-chain aliphatic or aromatic compounds are easily extracted by 1-MN, so the

12
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compounds with such a structure must be formed from Residue during degradative solvent
extraction to increase Soluble yield. Table 2.2 shows the ultimate and proximate analysis of
LY and PD as well as Residue yields [6]. The Residue from LY and PD has a lot of carbon,
and the Residue yields are as high as 54-64 wt%. Therefore, it is important to convert as much
Residue as possible to Soluble. For this reason, as already described in Chapter 1, the oxygen-

containing bonds in low-rank coal must be broken.

Table 2.2 Ultimate and proximate analysis of Loy Yang (LY, Pendopo (PD) and Residue [6].

Temperature Yield Ultimate analysis Proximate analysis wt% (d.b)
wt% (d.a.f)
(°C) (wt%o d.af) C H N Odiff V.M. F.C. Ash
LY 66.6 45 05 284 50.0 47.8 2.2
. Residue ___ 639 __ 771 42 08 180 ____ 3.1 596 ___ 33
PD 67.5 51 08 266 494 38.0 12.6
Residue 54.3 76.5 45 12 17.7 40.1 42.4 17.4

The purpose of this chapter is to investigate the effect of DES on the yield and composition
of Soluble and Residue obtained from the degradative solvent extraction of low-rank coal
performed under various conditions such as the addition amount of DES and the reaction

temperature.

2.2 Experimental

2.2.1 DES preparation

The deep eutectic solvent (DES) is composed of hydrogen bond acceptor (HBA) and
hydrogen bond donor (HBD). A total of 10 g of a mixture of choline chloride (ChCI) as HBA
and iron (111) chloride hexahydrate (FeCls-6H20) as HBD in a molar ratio of 1:2 was added to
a 100 mL beaker. The beaker was placed in a hot water bath at 80 °C, and the mixture was
stirred at 500 rpm under a nitrogen atmosphere for 60 min. Finally, the mixture was cooled to
room temperature to obtain DES. The moisture content of the DES was measured using a Karl
Fischer moisture meter (KEM. Co., Ltd., MKA- 610). The moisture content in prepared DES
was 9-11 wt%. Herein, ChCl and FeCls-6H,0 used for the preparation of DES, were purchased

from Nacalai Tesque Inc. and FUJIFILM Wako Pure Chemical Corporation, respectively.

2.2.2 Low-rank coal sample

Indonesian Adaro sub-bituminous coal (AC) was used as the low-rank coal sample. Table
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2.3 shows the proximate and ultimate analysis of the AC. The AC was ground using a mortar,

classified into 150-250 um particles, and used for the reaction after drying at 110 °C for 24 h.

Table 2.3 Ultimate and proximate analysis of Adaro coal.

Ultimate analysis wt% (d.a.f) HHV Proximate analysis wt% (d.b)
Sample (& H N O diff.  [MJ/kg] V.M. E.C. Ash
Adaro coal 67.5 54 0.9 26.1 25.9 46.7 50.8 2.9

2.2.3 Degradative solvent extraction of Adaro Coal

As a non-polar solvent, 1-methylnaphthalene (1-MN) was purchased from Tokyo Chemical
Industry Co., Ltd. Fig. 2.3 shows a schematic of the degradative solvent-extraction apparatus.
First, 5 g of AC, 100 mL of 1-MN, and 0.5-2.0 g of DES were added in custom autoclave
(Nitto Koatsu, START200 high temperature New Quick). The autoclave was purged with
nitrogen gas to remove air and the initial pressure was adjusted to 0.2 MPa. The reaction
temperature was raised to 200-350 °C over 80 min, and the reaction was performed for 90 min

with agitation at 300 rpm.

Magnetlc stirrer

Pressure Thermocouple

gauge
@ Cooling water
/r

Electric __— i
furnace

1I-MN AC DES

Fig. 2.3 Schematic diagram of the experimental apparatus for degradative solvent extraction.

2.2.4 Method for separating extract
After the reaction, the reactor was cooled to room temperature, the produced gas in

autoclave was recovered in the gas bag and measured by gas chromatograph (GC; Shimadzu,
GC-2014). Also, the mixture in the autoclave was suction-filtered, washed with 1-MN (30-50

mL), and separated into insoluble substances in 1-MN and the filtrate. The insoluble substance
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was collected as Residue after vacuum drying at 150 °C for 12 h. Additionally, the 1-MN
solvent was separated from the filtrate at 140 °C for 60 min, 150 °C for 30 min by evaporation,
and at 150 °C for 24 h by vacuum drying, and the remaining solid was recovered as Soluble.
Herein, Deposit was collected as part of the Residue because the mixture in the autoclave was
removed after cooling. Fig. 2.4 shows a flowchart of the method for separating the products
(Gas, Soluble, and Residue) and 1-MN.

Gas bag

Product (mixture) cooled to room temperature _ Gas

l Residue

Suction filtration, washing (solvent) _ Vacuum drying -
150°C. 12 h Residue

l Filtrate
Solvent removal (Rotary evaporator) Solvent
140 °C, 1 h and 150 °C, 30 min (1-MN)

Vacuum drying 150 °C, 24 h

Soluble

Fig. 2.4 Scheme of solvent extraction and product separation procedure.

2.2.5 Product characterization

The mass fractions of carbon, hydrogen, and nitrogen in Soluble and Residue were
measured using CHN analysis (LECO, CHNG628). The higher heating value (HHV) of each
sample was calculated using Dulong equation (Eg. 2.1) [9,10]:

HHV [M]/kg] = (338.1m + 1441.8my — 180.2m,)/1000 (2.1)
where m., my, and m,, are the mass fractions of carbon, hydrogen, and oxygen, respectively.

The thermal decomposition behavior of AC and its products were analyzed using a

thermogravimetric analyzer (TGA; Shimadzu, TG-50). The sample was heated to 900 °C at 10
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°C /min under 35 mL/min of nitrogen flow. The chemical structures of product were analyzed
using a Fourier transform infrared spectrometer (FTIR; Shimadzu, IRAffinity-1). The sample
pellets were prepared by molding a mixture of potassium bromide (99.5 mg) and the sample
(0.5 mg) using a hydraulic press. Spectra for each sample were measured in absorption mode
at 1800-600 cm™ and 3800-2600 cm* using 64 scans with a 2 cm* resolution.

2.3 Results and discussion

2.3.1 Whereabouts of DES after the degradative solvent extraction

In order to calculate the yield, it is necessary to ensure that the extracts (Soluble and
Residue) contain DES. Thus, an iron elution test by the addition of hydrochloric acid to the
extracts was performed to investigate the presence of DES in Soluble and Residue. Fig. 2.5
shows a mixture of 2.5 mL of 6 M hydrochloric acid and 10 mg of Soluble or Residue. The
supernatant solution containing Soluble was barely colored, whereas that containing the
Residue changed from colorless to yellow. And the yellow color darkened with increasing DES
contents. Table 2.4 shows the yield and the ultimate analysis of Residue obtained by the
degradative solvent extraction of AC. Furthermore, the ultimate analysis revealed that the
nitrogen content of Residue obtained at 200-350 °C increased with the increasing amounts of
DES (Table 2.4). This nitrogen increase was caused by the nitrogen contained in ChCl used for
the preparation of DES. These results indicates that most of the added DES remained in

Residue.
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(a) Soluble

| DESOg || DES0.5¢ | | DES1¢ || DES1.5¢ || DES2 ¢
= - 1 it — §

e —

Fig. 2.5 The images of the hydrochloric acid treatment of AC: (a) Soluble and (b) Residue
obtained at 350 °C for 90 min (10 mg of sample was added into 2.5 mL of 6 M hydrochloric
acid).

Table 2.4 Yield and ultimate analysis of Residue obtained by the degradative solvent extraction

of AC.

Temperature Time DES Yield Ultimate Analysis (wt%, d.b.)
C) (min)  (g) (Wt%) C H N Other (diff)’
200 90 0.0 98.9 70.8 4.8 0.9 235
200 90 0.5 93.4 70.1 5.0 1.0 23.9
200 90 1.0 90.2 60.3 4.2 1.2 343
200 90 1.5 91.1 61.8 4.4 1.4 32.4
200 90 2.0 89.1 58.6 4.1 1.4 35.9
300 90 0.0 95.8 73.9 4.7 0.9 20.5
300 90 0.5 87.8 71.7 4.4 1.0 22.9
300 90 1.0 89.4 65.9 3.9 1.2 29.0
300 90 1.5 90.1 62.4 3.8 1.3 32.5
300 90 2.0 89.3 58.7 3.5 1.4 36.4
350 90 0.0 81.8 75.6 4.3 1.0 19.1
350 90 0.5 i | 75.6 4.2 1.0 19.2
350 90 1.0 80.1 66.9 3.7 1.2 28.2
350 90 1.5 79.4 64.0 35 1.4 31.1
350 90 2.0 i | 59.1 3.3 1.4 36.2

* “Other (diff)” indicates that it mainly composed of oxygen and ash.
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2.3.2 Effect of different reaction conditions on the product yields

In the degradative solvent extraction, Soluble, Residue, and gas products such as Hz, CO,
CHa, and CO> were obtained. The liquids such as water and oil were not observed, indicating
that all liquid products were dissolved in 1-MN. Based on the results in subsection 2.3.1 on the
whereabouts of DES after the degradative solvent extraction, the Soluble and Residue yields

were calculated by using Eq. (2.2).

Vields (wt%) = Recovery amount of Soluble or Residue % 100 2.7
telds (W) = = S unt of AC (5 g) + Amount of DES @2

The product yields calculated using Eq. (2.2) are summarized in Tables 2.4 and 2.5 as well
as Fig. 2.6. The total product yield at 200 °C was approximately 100 wt%, but at >300 °C, it
significantly exceeded 100 wt% (Fig. 2.6). It should be noted that the excess of total product
yield increased significantly with increasing the amounts of DES. This may be related to the
failure to recover some of the 1-MN solvent used during the degradative solvent extraction.
Fig. 2.7 shows the amount of unrecovered 1-MN increased with increasing the addition amount
of DES. However, the presence of 1-MN was not confirmed from the TG profiles of Residue
and Soluble (Fig. 2.8). Furthermore, the aromatic C-H vibration was not observed in the FT-
IR spectra of Residue (Fig. 2.9), whereas it was observed in the Soluble (Fig. 2.10). Therefore,
it is suggested that the total product yield exceeded 100 wt% because the component derived
from 1-MN was incorporated into the Soluble by adding DES at >300 °C.

The effects of the reaction temperature and amount of DES on the product yields are
represented in Tables 2.4 and 2.5 as well as Fig. 2.6. The Soluble/Residue yields at 200, 300,
and 350 °C without DES were 5.2/98.9 wt%, 11.4/91.7 wt%, and 20.6/77.9 wt%, respectively.
The Soluble yields increased with increasing temperature, while the Residue yields decreased.
As observed from the TG profiles, the weight of AC started to decrease at approximately 250
°C, and decreased by 3.7 wt% at 300 °C and 9.9 wt% at 350 C (Fig. 2. 11). However, the
weight loss of AC measured by TG was not in agreement with the Soluble yield. When the
thermal decomposition of coal using TG was performed in the gas phase, the hydroxyl and
carboxyl groups, which were hydrogen-bonded in the coal, decomposed to produce water and
CO», allowing the coal molecule to grow by forming thermally stable covalent bonds with
adjacent coal molecules. On the other hand, Hu et al. and Ashida et al. reported that the inherent

water adsorbed on coal by the hydrogen bonds suppressed the cross-linking reaction between
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coal molecules in 1-MN, producing organic substances with low molecular weights [11,12].
Therefore, it is considered that the degradative solvent extraction of AC in 1-MN also
suppressed the aggregation of the coal molecules and increased the Soluble yield containing
many low molecular-weight components. Increasing the addition amount of DES resulted in
an increase in the Soluble yield and a decrease in the Residue yield. The Soluble yields at 200

°C and 350 °C were 8.6 wit% and 47.9 wt%, respectively, in the presence of 2 g of DES. The

Soluble, CO, and CO- yields at >300 °C increased significantly with increasing amounts of

DES.
(a) 200°C, 90 min (b) 300°C, 90 min (¢) 350°C, 90 min
120 - L
100 B TR S . LB a0
= Soluble
ggo E u Residue
\B/ " H:
< 60 i =CO
2 ® CH.
g 40 i CO:
20 L
0

0 05 1 1. 2 0 05 1 1.5 2
Amount of DES (g)

Fig. 2.6 Product yields of degradative solvent extraction of AC with and without DES at (a)
200 °C, (b) 300 °C, and (c) 350 °C for 90 min.
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Table 2.5 Yield and ultimate analysis of Soluble obtained by the degradative solvent extraction

of AC.

Temperature Time DES Yield Ultimate Analysis (wt%, d.b.) HHV
(°C) (min) (g2) (wt%) C H N O (diff.)** (MJ/kg)
200 90 0.0 5.2 80.1 10.2 0.2 9.5 40.0
200 90 0.5 6.6 81.9 9.7 0.2 8.2 40.2
200 90 1.0 7.2 79.4 1.2 0.4 13.0 34.9
200 90 1.5 8.2 78.1 8.6 0.6 12.7 36.5
200 90 2.0 8.6 80.0 8.5 0.5 11.0 373
300 90 0.0 11.8 79.9 8.3 0.3 11.5 36.9
300 90 0.5 14.4 82.2 8.5 0.3 9.0 384
300 90 1.0 20.3 86.0 8.0 0.2 5.8 39.5
300 90 1.5 22.3 89.3 7.9 0.2 2.6 41.1
300 90 2.0 25.6 88.6 7.6 0.2 3.6 40.2
350 90 0.0 21.8 82.9 Tl 0.4 9.0 37.5
350 90 0.5 23.1 84.1 7.9 0.4 7.6 38.4
350 90 1.0 38.5 88.7 7.4 0.2 3.7 40.0
350 90 1.5 46.9 89.9 13 0.2 2.7 40.4
350 90 2.0 47.9 90.1 T2 0.2 2.5 40.4

** “Q (diff)” indicates oxygen amount because there is no ash in Soluble.

8
C .
g ° o . $
0 A
S
S A
§ 4
5
< ©350°C, 60 min A 300°C, 60 min
5 #350°C, 90 min 4 300°C, 90 min
8 & ©350°C, 120 min 4 300°C, 120 min
L
=
5
0 1 1 1 1
0 0.5 1 1:5 2

Amount of DES (g)

Fig. 2.7 Relationship between addition amount of DES and amount of unrecovered 1-MN.
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100 |
80 |-
<
Seo | — 1-MN
E —Soluble (300°C, DES 2 g)
= —Soluble (350°C, DES 2 g)
'%40 : —Residue (300°C, DES 2 g)
B —Residue (350°C, DES 2 g)
20 |
0 1

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 2.8 TG profiles of 1-MN, Soluble and Residue obtained by the degradative solvent
extraction of AC with 2 g of DES at 300 or 350 C.
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Fig. 2.9 FT-IR spectra of Residue obtained at (a) 200 °C, (b) 300 °C, and (c) 350 °C for 90 min.
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Fig. 2.10 FT-IR spectra of Soluble obtained at (a) 200 °C, (b) 300 °C, and (c) 350 °C for 90

min.
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Fig. 2. 11 TG and DTG profiles of AC.

2.3.3 Elemental composition of the Soluble

The elemental compositions of Soluble obtained at different reaction temperatures and DES
contents were investigated. Fig. 2.12 shows the plot of the carbon and oxygen contents as a
function of the Soluble yield at 200-350 °C for 90 min. The carbon and oxygen contents of AC
were 67.5 wt% and 26.1 wt%, respectively. On the other hand, with increasing Soluble yield,
the carbon content increased from 78 wt% to 90 wt%, and the oxygen content decreased.
Soluble with 1-2 g DES at 300-350 °C showed higher soluble yield, higher carbon content,
and lower oxygen content compared to Solubles of Hefeng (HF) and Naomaohu (NMH) as
sub-bituminous coal (at 350°C and 0.2 MPa for 60 min in 1-MN) [7], and Soluble of Mae Moh
coal and Loy Yang coal as lignite (at 350°C and 3-5 MPa for 60 min in 1-MN) [13]. It is
interesting that the change of carbon and oxygen contents against the Soluble yields shows the
similar tendency in all reaction conditions and in all coals. From this figure, it can be seen that
in order to obtain a fuel containing a large amount of carbon, it is necessary to increase the

Soluble yield.
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The H/C and O/C of Soluble and Residue obtained in this study as well as those of raw AC
were discussed to infer to the reactions that occur when Soluble is generated from raw AC. Fig.
2. 13 shows the relationship between H/C and O/C atomic ratios calculated from the chemical
composition of Soluble and Residue. The H/C and O/C of raw AC were 0.9588 and 0.2906,
respectively. In Soluble, H/C and O/C decreased with increasing reaction temperature and the
addition amount of DES. The H/C and O/C of the soluble obtained at 350 °C and 2 g of DES
were the smallest, 0.9524 and 0.0211, respectively. The amounts of CO and CO- evolution also
increased with increasing reaction temperature and the addition amount of DES as shown in
Fig. 2.6, indicating that DES promoted the removal of oxygen from AC via decarboxylation
and dehydration reactions. As described above, DESs have the ability to cleave the oxygen-
containing bonds and produce a carbon-rich extract. Furthermore, the atomic ratios of Soluble
obtained in this study were compared with those of other fuels [7, 13-17]. The O/C of Soluble,
which was produced by degradative solvent extraction under severer conditions such as high
temperature and large addition amount of DES, was similar to that of bituminous coal. In
particular, the O/C of Soluble obtained with 1.5-2 g of DES at 300 °C and 1-2 g of DES at 350
°C decreased to a value similar to that of anthracite, hyper-coal and Soluble obtained in

previous reports.
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Fig. 2.14 shows the carbon and oxygen balance in Soluble and Residue at 200-350 °C for
90 min, respectively. The reason why the total carbon content exceeds 100 mol% is probably
because 1-MN is included in the extracts, especially in the case of DES addition. As shown in
Table 2.4, Other (diff.) in ultimate analysis of Residue contains the oxygen, ash and HBD
(hydrogen-bond donor). Therefore, in this study, the oxygen in the Residue was calculated by
subtracting ash and HBD from Other (diff). The oxygen present in the Soluble was almost the
same independent of experimental conditions, and the oxygen present in the Residue decreased
with increasing the reaction temperature and the amount of DES added. It was considered that
the carbon-rich components produced by the decomposition of Residue were extracted as
Soluble.
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Fig. 2.14 (a) Carbon and (b) oxygen balance in the degradative solvent extraction of AC.

28



Akita University

2.3.4 Structural characterization of Soluble and Residue

The TG profiles of Soluble and Residue under various conditions and the results of TG
differential (DTG) profiles are shown in Fig. 2.15 (a-c) and Fig. 2.15 (d-f), respectively. The
weight of AC began to decrease from approximately 250 °C and remained 50 wt% at 900 °C
(Fig. 2.15 (a)). For Soluble obtained without DES at 200-350 °C, the weight loss began at 250
°C, as in AC, and the weight decreased significantly at approximately 400 °C. In addition, the
thermal decomposition temperature of the Soluble lowered with increasing reaction
temperature. As mentioned above, this was because the low molecular-weight component
produced by the thermal decomposition of AC was extracted as Soluble. The weight of Soluble
produced with 0.5 g of DES at 200 °C decreased significantly at approximately 400 °C, while
a two-step weight loss was observed with 1-2 g of DES. At 300 and 350 °C, the thermal
decomposition temperature of Soluble obtained with 1-2 g of DES was lower than that without
DES, and a significant weight loss occurred at 350 °C. This suggested that the increased
reaction temperature and DES addition promoted the production of low molecular-weight
Soluble. The TG profiles of Residue are almost the same as AC (Fig. 2.15 (d—f)). This may be
because the structure of Residue does not differ much from that of the raw AC, although

Residue contains a large amount of oxygen.

29



Akita University

====sAdarocoal TG =~ ====- DESOgTG =  ====- DES05g TG
----- DES 13 TG DES 152 TG ====-DES 23 TG 10
—— Adaro coal DTG DES 0g DTG DES 0.5 DTG 100 peseccceenn,

DES 1.0 g DTG DES 15gDTG _——DES20gDIG ., S “eags (d) 200°C

NS
LN
3

o
=3

@200C 1

LR

(Wt%)

41 20

Weight

Weight (wt%)

Differential weioht (W1%/min)

150 300 450 600 750 900

RN (6)300°C ] 55

Weight (wt%)

Differential weight (wt%/min)
Weight (wt%)

Weight (wt%)

Differential weight (wt%/min)
Weight (wt%)

150 300 450 600 750 900 150 300 450 600 750 900

Temperature (°C) Temperature (°C)

Fig. 2.15 TG and DTG profiles of the Soluble obtained at (a) 200 °C, (b) 300 °C and (c) 350
°C, and Residue at (d) 200 °C, (e) 300 °C and (f) 350 °C for 90 min.

Figs. 2.9 and 2.10 shows the FTIR spectra of Soluble and Residue produced under various
conditions, respectively. In AC spectrum, the peaks at 3600-3400 cm™ and 1630 cm™ were
attributed to O-H and C =0 stretching vibrations, respectively. Additionally, the bands
observed at 2930-2850 cm™ and 1450-1300 cm™ were attributed to aliphatic C-H stretching
and bending vibrations, respectively. For Soluble, the peaks attributed to the aromatic and
aliphatic C-H stretching vibrations were observed at 3080-3020 cm™ and 2930-2850 cm
regardless of the reaction temperature. Furthermore, under all reaction conditions, the peaks
observed at 1850-1550 cm™, 1450-1300 cm™, 1300-1000 cm™ and 830-750 cm™ were
attributed to the C=0 stretching, C-H bending, C-O stretching (derived from esters, ethers, and
alcohols) and aromatic C-H bending vibrations, respectively [17-23]. In addition, the C= O
stretching vibrations derived from the carboxyl group were observed at 1700 cm™ at 200 or
300 °C with 0-1.5 g of DES. With increasing reaction temperatures, the peak intensities
attributed to aliphatic C-H stretching, C=0 stretching, C-H bending, and C-O stretching
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vibrations decreased. At 350 °C, the C=0 stretching vibration derived from the carboxyl group
was not observed. When DES was used at 200 °C, no significant change in the spectra was
observed regardless of DES addition. By contrast, at 300-350 °C, the peak intensities attributed
to aliphatic C-H stretching, C=0 stretching, C-H bending, and C-O stretching vibrations
decreased with increasing the addition amounts of DES. This trend was similar to that observed
for the reaction temperature. The C=0 stretching vibration derived from the carboxyl group
was not observed at 300 °C with 2.0 g of DES and at 350 °C. Therefore, DES cleaved the
carbon-oxygen bond because the absorption intensity of C-O and C=O stretching vibrations
decreased with increasing DES contents. Residue must have a large amount of oxygen, but the
increase in the absorption bands attributed to the oxygen-containing bonds can not be seen in
the FT-IR spectra. Residue is considered to be a substance containing components that are as
difficult to decompose as the raw AC.

2.3.5 Calorific value of Soluble

The higher heating value (HHV) of raw AC is 25 MJ/kg. The HHV of Soluble is higher
than the HHV of raw AC (Table 2.5). The Soluble shows higher carbon contents, lower oxygen
contents and higher HHV in comparison with the raw materials. HHV of the Soluble are higher
than those of the raw materials [24]. The same tendency was verified in the degradative solvent
extraction of AC. However, the HHV value of Soluble at 200 °C was highest without DES and
0.5 g DES, at 300 °C it was highest at 1.5 g DES, and at 350 °C it was highest with 1.5-2 g
DES. At 350 °C, the HHV increased with increasing DES amount up to 1.5 g of DES and

remained constant even with the use of 2 g of DES.

2.4 Conclusion
Degradative solvent extraction of Adaro Subbituminous Coal using DES was performed in
1-MN.
» The Soluble yield increased and the oxygen content decreased with increasing reaction
temperature and DES amount;
» Asthe amount of DES added increased, the low-molecular-weight components and the
aromaticity in the Soluble increased;
* The decarboxylation took place by the degradative solvent extraction and the
decarboxylation and dehydration took place by the DES addition;
» The HHV of Soluble was higher than raw AC.
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Chapter 3 Solvent-soluble component obtained from degradative solvent extraction of

woody biomass using deep eutectic solvent

3.1 Introduction

The amount of fossil fuels has been reduced by the depletion of resources, and soaring
prices and their use creates adverse effects on the environment due to CO2 emissions. The
alternative is to use biomass. Among renewable energies with a small impact on the
environmental, biomass that can be supplied all over the world is currently attracting attention.
Due to the concept of carbon neutral, biomass emits less carbon dioxide, and contains almost
no sulfur, nitrogen, resulting in less SOx, NOx, and soot emissions than conventional fossil
fuels. However, much of the biomass contains large amount of water with a correspondingly
high oxygen content and low carbon content as shown in Table 3.1 [1]. As a result, biomass
has drawbacks such as low calorific value, inconvenience of storage because it decays, and
difficulty in application to conventional processes in terms of burning, fermentation and energy
conversion [2]. Therefore, in the conversion of biomass to fuel, deoxygenation treatment such

as degradative solvent extraction is required.

Table 3.1 Proximate and ultimate analysis, chemical compositions of biomass such as woody,

herbaceous, and waste materials; average (standard deviation) [1].

Feedstock Composition Woody Herbaceous Wastes
Proximate

Volatiles (%) 84.0 (2.1) 79.1 (5,8) 76.7 (5.5)
Ash (%) 1.3(0.9) 5.5(3.2) 6.6 (6.7)
Fixed Carbon (%) 14.7 (1,6) 15.4 (4.0) 14.8 (5.0)
Ultimate

Hydrogen (%) 6.0 (0.1) 5.8(0.3) 5.9(04)
Carbon (%) 50.7 (4.71) 47.4(1.9) 46.0 (4.0)
Nitrogen (%) 0.32(0.01) 0.75 (0.49) 1.3(1.6)
Oxygen (%) 419 (1.4) 41.0(2.4) 38.3(4.2)
Sulfur (%) 0.03 (0.01) 0.10(0.32) 0.15(0.16)
Structural

Cellulose (%) 51.2(8.7) 32.1(4.5) 28.4(13.2)
Hemicellulose (%) 21.0(8.7) 18.6 (3.4) 16.4 (5.5)
Lignin (%) 26.1 (5.3) 16.3 (3.3) 12.5 (2.7)

In the previous study, the degradative solvent extraction of Rice Straw (RS, 20 g) was
performed under 2-3 MPa of nitrogen atmosphere at 200-350 °C for 90 min [3]. As described
before, it is considered that aromatic ring compounds are extracted into 1-MN solvent. Because

the amount of aromatic components for biomass is quite smaller than that of low-rank coal, so
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the yield of Soluble obtained by the degradative solvent extraction of biomass is expected to
be low. Table 3.2 shows the ultimate and proximate analysis of RS and Soluble as well as the
Soluble yields. In fact, this table shows that the oxygen content of Soluble produced from RS
is as high as approximately 10 wt% even at 350 °C. In addition, the Soluble yields were very
low, 10-20 wt% at 250-350 °C.

As shown in Fig. 3.1, biomass has a different structure from low-rank coal, that is, the
woody biomass used in this chapter as biomass sample consists of cellulose, hemicellulose and
lignin. However, since the biomass also has a large amount of carbon-oxygen bonds similar to
low-rank coal, the Soluble yield is considered to increase by efficiently cleaving the carbon-
oxygen bonds. Addition of DES may be effective as a method for producing a large amount of

Soluble with low oxygen content from biomass, as in the case of low-rank coal.

Table 3.2 Ultimate and proximate analysis of Rice Straw (RS) and Soluble obtained by the
degradative solvent extraction of RS at 250, 300 and 350 °C for 90 min [3].

Temperature Yield Ultimate analysis Proximate analysis wt% (d.b)
wt% (d.a.f)
(°C) (wt% d.a.f) C H N Odiff. V.M. F.C. Ash
RS 490 55 08 446 75.4 14.4 10.0
250 11.8 752 7.1 14 163 80.8 18.9 0.3
300 14.6 776 6.8 1.5 14.2 81.1 18.8 0.1
350 19.9 824 69 13 9.5 78.3 21.2 0.5
Cellulose Hemicellulose

CH,0H OH CH,0H OH
O % ()G oo
o OH OH
OH O~on p 0 "/Q
O OH 8 2 OH n
OH CH,OH " /@/
2 HOH,(

OH

Fig. 3.1 Typical structure of cellulose, hemicellulose and lignin [4].
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The purpose of this chapter is to clarify whether the DES is effective in increasing the
Soluble yield in the degradative solvent extraction even for woody biomass and to discuss the
role of DES on the degradative solvent extraction of woody biomass. The extraction

mechanism of the degradative solvent extraction of woody biomass was also discussed.

3.2 Experimental

3.2.1 DES preparation and sample

As already described in subsection 2.2.1, DES was prepared in the same way as for low-
rank coal.

The woody biomass used in this chapter is woody chips (WC) made of cedar and provided
from Akita thermal power plant in Tohoku Electric Power Co., Inc. Table 3.3 shows the
proximate and ultimate analysis of the WC. The WC was ground using a Wonder Crusher WC-
3, classified into 425-600 um particles, and used for the reaction after drying at 60 °C for 48
h.

Table 3.3 Ultimate and proximate analysis of woody chips.

Ultimate analysis wt% (d.a.f) HHV Proximate analysis wt% (d.b)
Sample (& H N O diff. [MJ/kg] VM. FC. Ash
Woody Chips 49.1 6.6 0.2 44.0 18.2 79.8 19.7 0.5

3.2.2 Degradative solvent extraction of woody biomass, lignin and cellulose

The degradative solvent extraction of WC was performed in the same way as in 2.2.3 and
the equipment and methods used were the same as those for low-rank coal. First, 5 g of WC
and 100 mL of 1-MN were added in custom autoclave, and then 1.0-2.0 g of DES was also
added. After the inside of the equipment was replaced with nitrogen gas three times to remove
air, the equipment pressure was set to 0.2 MPa. The reaction temperature was raised to 300-
350 °C over 80 min, and the reaction was performed for 90 min with agitation at 300 rpm. The
separation operation of products after the degradative solvent extraction was the same way as
already described in subsection 2.3.4. The color of the acid-leaching supernatant solution of
Residue produced in the presence of 2 g of DES was yellow as shown in Fig. 3.2, indicating
that the DES remains in the Residue. Accordingly, the yields of Soluble and Residue were
calculated on the basis of Eq. (3.1) similar to the case of low-rank coal. The characterization

of extracts was carried out by FT-IR, TG, and elemental analysis.
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Recovery amount of Soluble or Residue o
Amount of WC (5 g) + Amount of DES
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Fig. 3.2 The images of supernatant solution by the hydrochloric acid treatment of (a) Soluble
and (b) Residue when the degradative solvent extraction of WC was performed at 350 °C for
90 min. Soluble or Residue (10 mg) was added into 2.5 mL of 6 M hydrochloric acid.

3.3 Results and discussion

3.3.1 Effect of DES addition on the yields and chemical compositions of Soluble and
Residue from biomass

The product yields are summarized in Tables 3.4 and 3.5 as well as Fig. 3.3 at 300-350 °C
for 90 min. Without DES, the Soluble yield increased from 23 wt% at 300 °C to 33 wt% at 350
°C, whereas the Residue yield decreased from 29 wt% to 18 wt%. Unlike the case of low-rank
coal, total product yields were well below 100 wt%. Fig. 3. 4 shows the product yield
distribution for the degradative solvent extraction of RS [5]. From this figure, it can be seen
that the Liquid yield is around 40 wt%, which is largely consistent with the shortfall of total
product yields in this work. The authors described that the molar ratios of H to O distributed to
Liquid are roughly 2, showing that the main component in Liquid is H.O produced by the
degradation reaction [5]. Thus, it is considered that around 40 wt% of the shortfall in Fig. 3.3
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is also liquid, mainly water. The addition of DES had an effect of increase in Soluble yields,
particularly 350 °C. The maximum Soluble yield reached 44 wt% at 350 °C with 2 g of DES.
However, the tendency of Residue yield is unlike to that of low-rank coal: the higher amount
of DES, the higher the Residue yield. The gases produced are mostly CO and CO and a small
amount of CH4 and Hz. The amount of CO2 and CO yields decreased with increasing amounts
of DES. On the other hand, the total product yield exceeded 100 wt% in the case of the
degradative solvent extraction with 2 g of DES at 350 °C (Fig. 3.3 (b)). This may be because a
part of 1-MN is incorporated into the Soluble by the presence of DES.

a) 300 °C, 90 min b) 350 °C, 90 min
120
100 F
30 co2

. » CH4
S mco
E 60 wH2
'_% W Residue
bS # Soluble

40

20

0 1 2 0 1 2
Amount of DES (g) Amount of DES (g)

Fig. 3.3 Product yield distribution of degradative solvent extraction of WC with and without
DES at 300 °C (a) and 350 °C (b) for 90 min.
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Fig. 3.4 The product yield distribution for rice straw [5].

Table 3.4 Yield and ultimate analysis of Soluble obtained by the degradative solvent

extraction of WC.

Temperature  Time DES Yield Ultimate Analysis (Wt%, d.b.) HHV
(°C) (min) (2) (Wt%) C H N O (diff)” (MJ/kg)
300 90 0.0 23.0 74.4 6.1 0.2 19.4 304
300 20 1.0 20.8 85.0 6.5 0.3 8.2 36.6
300 90 2.0 24.4 88.7 6.6 0.2 44 38.8
350 90 0.0 32.6 80.7 6.5 0.1 12:7 34.3
350 90 1.0 36.2 86.5 6.4 0.3 6.8 373
350 90 2.0 44.4 89.0 6.5 0.3 4.2 38.7

** “Q (diff)” indicates oxygen amount because there is no ash in Soluble.
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Table 3. 5 Yield and ultimate analysis of Residue obtained by the degradative solvent
extraction of WC.

Temperature Time DES  Yield —Uitimate Analysis (wt%, d.b.)

(°C) (min) (g (wt%) C H N O (diff.)’
300 90 0.0 204 677 59 04 26.0
300 90 1.0 62.5 589 44 0.7 36.0
300 90 2.0 706 527 40 09 42.4
350 90 0.0 17.8 729 48 04 21.9
350 90 1.0 541 581 3.7 07 37.6
350 90 2.0 659 502 33 0.7 45.7

* “Other (diff)” indicates that it mainly composed of oxygen and ash.

The elemental compositions of Soluble obtained at different reaction temperatures and DES
contents were investigated. Fig. 3.5 shows the plot of the carbon and oxygen contents as a
function of the Soluble yield. This figure also shows the results of AC and other studies [6,7].
The carbon and oxygen contents of WC were 49.1wt% and 44.0 wt%, respectively. In the
Soluble obtained by the degradative solvent extraction of WC, with increasing Soluble yield,
the carbon content increased from 74 wt% to 89 wt%, and the oxygen content decreased from
19 wt% to 4 wt%. Interestingly, the relationship between the Soluble yield and elemental
compositions for WC was not significantly different from that for AC. In the case of WC as
well, it was clarified that the Soluble yield should be increased in order to produce the Soluble
with a high carbon content. Soluble obtained by the degradative solvent extraction of WC with
1-2 g of DES at 350 °C had higher carbon content and lower oxygen content compared to the
Soluble from HF and NMH sub-bituminous coals treated at 350°C and 0.2 MPa for 60 min [6],
and the Soluble from Mae Moh lignite and Loy Yang brown coal treated at 350°C and 3-5
MPa for 60 min [7].
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Fig. 3.6 shows the relationship between H/C and O/C atomic ratios calculated from the
elemental analysis of Soluble and Residue. In this figure, the H/C and O/C of other samples
[6-11] are also shown. The H/C and O/C for WC were 1.61 and 0.68, respectively, both of
which were higher than those of AC (Fig. 2.13). In Soluble, H/C and O/C decreased with
increasing reaction temperature and DES content; this indicates that a large amount of water
produced, which is consistent with the result of product yield distribution (Fig. 3.3).
Furthermore, Fig. 3.6 shows that the O/C of Soluble is significantly smaller than that of WC,
suggesting that CO> evolves during the degradative solvent extraction shown in Fig. 3.3. In
Residue, O/C increased with increasing DES content; this indicates that the oxygen which is
removed as H.O and CO- in the absence of DES is incorporated into Residue by the presence
of DES. This is considered to be appropriate from the fact that the amount of Liquid (mainly
H20) and CO and CO; evolution decreased with increasing the addition amount of DES The
OIC ratio of Soluble, which was produced by degradative solvent extraction under severer
conditions such as high temperature and DES addition conditions, was similar to that of
bituminous coal. In particular, the O/C of Soluble obtained with DES decreased to a value
similar to that of anthracite. The H/C and O/C of raw WC were higher than H/C and O/C of
raw AC. Hence, Soluble obtained at 300-350 °C with DES, was expected to be used as a fuel

with high calorific value.

42



Akita University

"[2] (NIN-T ur utw 09 Jo} edIN G—€ PUB D,05¢€ &) (Uonezijessuiwsp "waq) [eod Bue A Ao pue [20d YO selN
J0 81qn|os ‘[9] (NIA-T ur urar (9 105 edIN T°0 PUB D,0S€ &) (drmsiowr Jo o41m (¢ Bulurejuod [eod M ‘|eod pauq @ ‘[eod
mey o) (1S-HIAN) HIAIN pue (1S-4H) 4H 40 81gn|oS a1am 1S-HIAIN pue 1S-4H pue ‘[TT] (NIA-T ul edIN G'0-G0°0 pue
D,05€ 18) 1800 J10dAH ‘[01] anoeaypue 3udyoulf pue [¢] (00 snourumyiq urulf []] (8OO snounuMIq se g# 3INqsNIJ pPue 9#

sloul||| "Jeod-1adAH pue s[eod snoLeA ‘BnpIsay ‘9]qnjos ‘DA J0J Soljel d1Wole D/O pue J/H usamiag diysuoneey 9's “Hiq

(L] (108) [e0d> Bue x A0 "wa(q v
[L] (108) 1v0d o S WO ¥
[9] (10§) IS-M-HINN O

[9] (108) TIS-a-HIXNLI

[9] (108) 1S W-dAH Y

[11] TN Jo [e0d-19dSH %

[11] NO Jo [v0d-10d5H %

[r1] Nd o pod-ndigO

[11] 1S Jo eod-1odsH g

(6] 1£0d snouymnyyq Buyuyro
[8] 94 s1ouo

(108) 8 7 STA*Do08£ ¥

(108) B 0 SAADo08£ ¥

(108) 3 1 SAA*D00£@

[L0d 01 PY @

2] (jo§) je0d Buex Soo
[] (1o8) 1v0d yoly ok N
[9] (10§) IS-H-HIN ¥
[9] (18) 1S-M-AHO

[9] (108) 1S-a-AHD

[1T] NS Jo Je0d-19d 5
[11] NO Jo v0d-1adi &
[11] 49 Jo rod-1adiy v
[ot] apeamue Swapuirn
[8] 8# Banqsnid v

(108) OV @

(108) 3 T SAA*Do08£ ¥
(108) 3 7 SAA*De00£ @
(108) 8 0 SAA ‘D.00£@

sdjgd Spooym

80

90

J/O

t0

o

OM MY

OH

T

L

OV Mey

HO

S0
,IM 2[qn0S

J/H

.
¢l

JV 3[qujos

43



Akita University

Fig. 3.7 shows the carbon and oxygen balance in Soluble and Residue at 300-350 °C for 90
min, respectively. Unlike low-rank coal, the oxygen present in the Soluble decreased with
increasing the reaction temperature and the amount of DES added, while the oxygen present in
Residue increased. It was considered that the carbon-rich components produced by the
decomposition of Residue were extracted as Soluble even for biomass.

250
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S
S 150
g
2 100
[
o
50 F
0
DES 0 g, DES1g, DES2g, DES 0 g, DES1g, DES2g,
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300°C 300°C 300°C 350°C 350°C 350°C

Fig. 3.7 (a) Carbon and (b) oxygen balance in the degradative solvent extraction of WC.
3.3.2 Structural characterization of Soluble and Residue

The TG profiles of Soluble and Residue at 300-350 °C for 90 min and the results of TG
differential (DTG) profiles are shown in Fig. 3.8 (a—d). The weight for WC began to decrease
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at approximately 200 °C and remained 10 wt% at 900 °C (Fig. 3.8 (a)). Similar to AC, the
thermal decomposition temperature of the Soluble for WC lowered with increasing the addition
amount of DES. This suggested that the increase in the addition amount of DES promoted to
produce the low-molecular-weight Soluble. However, it can be seen that the decomposition
temperature of Soluble is the same as or slightly higher than that of WC. This result indicates
that Soluble obtained from WC has almost the same molecular-weight component as WC.
Unlike the case of AC, the Residue is found to be more difficult to decompose than the raw

WC, indicating that the Residue has high-molecular-weight components.
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Fig. 3.8 TG and DTG profiles of the Soluble obtained at (a) 300 °C and (b) 350 °C, and Residue
at (c) 300 °C and (d) 350 °C for 90 min.

Figs. 3.9 and 3.10 show the FTIR spectra of Soluble and Residue at 300-350 °C for 90 min.
In WC spectrum, the peaks at 3600-3400 cm™ and 1630 cm™ were attributed to O-H and C=0
stretching vibrations, respectively. Additionally, the bands observed at 2930-2850 cm™ and
1500-1350 cm™ were attributed to aliphatic C-H stretching and bending vibrations,
respectively. For Soluble, the peaks attributed to the aromatic and aliphatic C-H stretching
vibrations were observed at 3100-3050 cmtand 2950-2800 cm™. As was described in 2.3.6,
the peaks observed at 1850-1550 cm™, 1450-1300 cm™, 1300-1000 cm™ and 830-750 cm™
were attributed to the C=0 stretching, C-H bending, C-O stretching (derived from esters,
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ethers, and alcohols) and aromatic nucleus C-H bending vibrations, respectively [12-18]. The
aliphatic C-H stretching vibrations in the Soluble tended to decrease with increasing the
addition amount of DES. Soluble is considered to be a substance containing relatively low-
molecular-weight aromatic components. However, similar to the case of AC, there is no
significant difference in the structure of Residue. Residue is considered to be a substance

containing components that are more difficult to decompose than raw WC.
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Fig. 3.9 FT-IR spectra of Soluble obtained at (a) 300°C and (b) 350°C for 90 min.
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Fig. 3.10 FT-IR spectra of Residue obtained at (a) 300°C and (b) 350°C for 90 min.

48



Akita University

3.3.3 Calorific value of Soluble

The higher heating value (HHV) of raw WC is 18 MJ/kg, lower than AC. The HHV of
Soluble is higher than the HHV of raw AC (Table 2.5). The same tendency of AC was verified
in the degradative solvent extraction of WC. However, the HHV increased with increasing DES

amount in all conditions of degradative solvent extraction of WC.

3.4 Conclusion
Degradative solvent extraction of woody chips (WC) as biomass using DES was performed
in 1-MN.
> Similar to the case of AC, the Soluble yield increased and the oxygen content decreased
with increasing reaction temperature and DES amount. The molecular weight of
Soluble became large without DES, but small with DES. The aromaticity in the Soluble
increased with DES;
» The dehydration took place by the degradative solvent extraction and the DES addition;
» The HHV of Soluble was higher than raw WC. On the other hand, the HHV of Soluble
obtained by WC was lower than that of Soluble obtained by AC.
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Chapter 4 Role of deep eutectic solvent on degradative solvent extraction of low-rank coal
and woody biomass

4.1 Introduction

The use of DES in the degradative solvent extraction has various advantages that include
the higher extraction efficiency, less time duration, low solvent requirement as compared to
conventional extraction methods with organic solvents [1]. As described in Chapters 2 and 3,
it was found that the addition of DES in the degradative solvent extraction of low-rank coal
(AC) and biomass (WC) increased the yield of Soluble with high carbon content. In addition,
the decomposition temperature of the Soluble from WC was not significantly different from
that of raw WC, whereas the Soluble from AC consisted of lower molecular weight components
than raw AC. On the other hand, the Residues from AC and WC were decomposed at a higher
temperature than raw AC and WC, suggesting that they became higher molecular weight
components during the degradative solvent extraction.

Woody biomass is composed of cellulose, hemicellulose and lignin shown in Fig. 3.1. In
order to clarify the role of DES in the degradative solvent extraction of WC, it would be very
useful to discuss the effect of DES on the degradative solvent extraction of constituents such
as cellulose, hemicellulose and lignin. In addition, as shown in Fig. 2.2, low-rank coal has a
structure in which 1-3 condensed aromatic ring units are connected by aliphatic chains via
covalent bonds or hydrogen bonds. The structure of this low-rank coal is very similar to that of
lignin shown in Fig. 3.1. Therefore, a detailed investigation of the degradative solvent
extraction of lignin may also help understand the degradative solvent extraction mechanism of
low-rank coal.

The purpose of this chapter is to discuss the role of DES on the degradative solvent
extraction of low-rank coal and woody biomass by comparing the results of the degradative

solvent extraction of cellulose and lignin, with those of AC and WC.

4.2 Experimental

4.2.1 DES preparation and samples

DES was prepared in the same way as already described in subsection 2.2.1.

The organosolv lignin (Sigma-Aldrich) and cellulose powder (Nacalai Tesque) were used
in this chapter. Table 4.1 shows the elemental analysis and higher heating value of lignin and

cellulose.

52



Akita University

Table 4.1 Ultimate analysis and higher heating value of lignin and cellulose.

Sample & H N O (diff) HHV [MJ/kg]
Lignin 65.7 5.93 0.084 28.3 25.7
Cellulose 42.3 6.30 0.046 51.4 14.1

4.2.2 Degradative solvent extraction of lignin and cellulose

The degradative solvent extraction of lignin and cellulose was performed in the same way
as subsection 2.2.3 and the equipment and methods used were the same as those for low-rank
coal (Fig. 2.3). First, 5 g of sample (lignin or cellulose), 100 mL of 1-MN and 1.0-2.0 g of DES
were added in custom autoclave. After the nitrogen purge three times, the pressure in the reactor
was set to 0.2 MPa. The temperature was raised to 300-350 °C, and the reaction was performed
for 90 min with agitation at 300 rpm. The separation operation after extraction has the same as
subsection 2.2.4. The yields of Soluble and Residue were calculated by the Eq. (4.1). The
characterization of extracts was carried out by FT-IR, TG and elemental analysis.

Vields (wt%) Recovery amount of Soluble or Residue % 100 4.1
ields (wt%) = Amount of sample (5 g) + Amount of DES (1)

4.3 Results and discussion

4.3.1 Degradative solvent extraction of lignin and AC

The product yields in the degradative solvent extraction of lignin and AC with and without
DES are summarized in Fig. 4.1 and Tables 4.2, 4.3. The results of AC were already shown in
Tables 2.4 and 2.5. The total yield of Soluble and Residue in Fig. 4.1 (a, b) did not reach 100%,
and this shortfall is considered to be a liquid product such as water. In the absence of DES, the
yield of Soluble from lignin at 300 °C was 49 wt%, which was higher than the yield of Soluble
from AC of 12 wt%. As shown in Fig. 3.1, this is considered to be because lignin contains a
large amount of aromatic components which is easily extracted into 1-MN. On the other hand,
AC has few aromatic components than that of lignin (see Fig. 2.2). When the reaction
temperature was raised to 350 °C, the yields of Soluble from lignin and AC slightly increased
to 54 and 22 wt%, respectively. The effect of DES addition was significantly different between
lignin and AC: the yield of Soluble from lignin decreased to 26 wt% (300 °C) and 45 wt% (350
°C), whereas the yield of Soluble from AC increased to 20 wt% (300 °C) and 39 wt% (350 °C).
The yields of Residue from lignin increased by DES addition, while the yields of Residue from
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AC decreased by DES addition.

(a) 300°C, Lignin (b) 350°C, Lignin (¢) 300°C, AC (d) 350°C, AC
120

100

= Soluble

# Residue

= H:

= CO

= CH.
CO:

80

60

Yields (wt%)

0 1 0 1 0 1 0 1
Amount of DES (g) Amount of DES (g)  Amount of DES (g) ~ Amount of DES (g)

Fig. 4.1 Product yield distribution of degradative solvent extraction of lignin at (a) 300 °C and
(b) 350 °C, and AC at (c) 300 °C and (d) 350 °C with and without DES for 90 min.

Table 4.2 Yield and ultimate analysis of Soluble obtained by the degradative solvent extraction

of lignin.
Temperature ~ Time  DES Yield Ultimate Analysis (wt%, d.b.) HHV
(°C) (min) (2) (Wt%) C H N  O(diff)*  (MJ/kg)
300 90 0.0 49.2 731 62 0.0 20.7 30.0
300 90 1.0 25.8 80.7 63 0.1 12.9 34.1
350 90 0.0 54.0 792 64 0.0 14.4 334
350 90 1.0 45.3 914 67 0.0 1.9 40.3

* “Q (diff)” indicates oxygen amount because there is no ash in Soluble.

Table 4.3 Yield and ultimate analysis of Residue obtained by the degradative solvent extraction

of lignin.
Temperature  Time DES Yield Ultimate Analysis (wt%, d.b.) HHV
(°C) (min) (g2) (wt%) C H N O (diff.)** (MJ/kg)
300 90 0.0 23.2 71.4 4.8 0.1 23.6 26.9
300 90 1.0 45.6 70.6 3.7 0.7 25:1 24.7
350 90 0.0 34.2 77.6 4.6 0.2 17.6 297
350 90 1.0 56.3 70.1 3.0 0.7 26.3 23.3

** “Other (diff)” indicates that it mainly composed of oxygen and ash.

Fig. 4.2 shows the carbon and oxygen balance in the degradative solvent extraction of lignin
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and AC. As described above, since the total carbon content exceeds 100 mol%, only the oxygen
balance was considered in this study. The oxygen content in Soluble from lignin decreased
with increasing in the reaction temperature and the addition of DES, while the oxygen content
in Residue from lignin did not change except for 1 g of DES at 300 °C. For AC, the oxygen
content in Soluble was almost the same as approximately 5 mol%, while that in Residue
decreased with increasing in the reaction temperature and the addition of DES.

100 OResidue [ OGas
| (a) Oxygen, Lignin | (b) Oxygen, AC OResidue

O
o

@Soluble

@Soluble

0
(=]
T

~J
(=]
T

D
(=]
T

N
(=]
T

FSS
o
T

Oxygen (mol%)

L)
(=]
T

o
(=]
T

o
T

(=}

DESOg DES1g DESOg DESIg, DESOg, DESlg  DESOg  DESlg
300°C  300°C  350°C  350°C 300°C 300°C 350°C 350°C

Fig. 4.2 Oxygen balance in the degradative solvent extraction of (a) lignin and (b) AC.

The elemental compositions of Soluble obtained from lignin and AC at different reaction
temperatures and DES contents were investigated. Fig. 4.3 shows the plot of the carbon and
oxygen contents as a function of the Soluble yield. This figure also shows the results of AC
and other studies [2,3]. The carbon contents of lignin and AC were 65.7 wt% and 67.5 wt%,
and oxygen contents of lignin and AC were 28.3wt% and 26.1 wt%, respectively. In the Soluble
obtained by the degradative solvent extraction of AC, with increasing Soluble yield, the carbon
content increased from 80 wt% to 89 wt%, and the oxygen content decreased from 12 wt% to
4 wt%. The Soluble yield and elemental compositions for lignin was not similar to those for
AC. Even if the Soluble yield was high, a large amount of oxygen remained in the Soluble.

This suggests that lignin contains oxygen that is difficult to remove.
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Fig. 4.4 shows the relationship between H/C and O/C atomic ratios calculated from the
elemental analysis of Soluble obtained by degradative solvent extraction of lignin and AC. In
this figure, the H/C and O/C of Soluble from other samples [2-7] are also shown. The H/C of
lignin and AC were 1.08 and 0.96, and O/C of lignin and cellulose were 0.32 and 0.29,
respectively; both H/C and O/C of lignin were very similar to those of AC. The slight decrease
in H/C and O/C of lignin by degradative solvent extraction may be caused by the evolution of
a small amount of CO2 and H»0O. This figure also shows that the dehydration progressed with
increasing DES amount, which is consistent with the result of oxygen balance (Fig. 4.2). As
already described in chapter 2, in the case of AC, dehydration and decarboxylation were
promoted with increasing DES amount.
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4.3.2 Structural characterization of Soluble and Residue from lignin and AC
Fig. 4.5 and 4.6 shows the TG and DTG profiles of Soluble and Residue obtained from
lignin and AC. Lignin began to decompose at around 200 °C and lost around 60 wt% of its

weight by around 900 °C. The decomposition temperature of Soluble obtained in the presence

of DES was lower than that of raw lignin, indicating that the molecular weight of Soluble

became lower. TG and DTG profiles of Soluble obtained by degradative solvent extraction of

lignin were very similar to those of AC On the other hand, the molecular weight of Residue

from lignin was higher than that of raw lignin due to the shift of the decomposition temperature

to the higher temperatures. The TG profiles of Residue obtained by degradative solvent

extraction of AC are almost the same as raw AC. As referred to in chapter 2, this may be

because the structure of Residue does not differ much from that of the raw AC, although

Residue contains a large amount of oxygen.
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Fig. 4.5 TG and DTG profiles of Soluble obtained by lignin at (a) 300 °C and (b) 350 °C, and
Soluble obtained by AC at (c) 300 °C and (d) 350 °C.
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Fig. 4.6 TG and DTG profiles of Residue obtained by lignin at (a) 300 °C and (b) 350 °C, and
Residue obtained by AC at (c) 300 °C and (d) 350 °C.

Fig. 4.7 shows FT-IR spectra of Soluble obtained from lignin and AC, respectively. Raw
lignin had large absorption peaks of aliphatic C-H stretching, C=0 stretching and C-O

stretching vibrations, whereas these absorption peaks decreased and aromatic C-H stretching

vibrations were conspicuous in the Soluble from lignin. Especially when the degradative

solvent extraction was carried out with 1g of DES, the aromatic C-H peaks appeared

remarkably. These results indicate that the aromatization proceeded during the degradative

solvent extraction of lignin and AC and the aromatic components were extracted as Soluble.
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Fig. 4.7 FT-IR spectra of Soluble obtained from (a) lignin and (b) AC at 300 °C for 90 min.

4.3.3 Role of DES for degradative solvent extraction of lignin
The Main results of the degradative solvent extraction of lignin are summarized as follows:
» The Soluble yield of lignin decreased with increasing DES;
> Oxygen content in Soluble decreased by dehydration and aromatization was promoted
with DES;
» Molecular weight of Soluble slightly decreased.

Previous studies describe that the degradative solvent extraction method is able to upgrade
low-rank coal and biomass through the selective removal of oxygen functional groups in the
form of H20O or CO2 [8,9]. The Soluble fraction obtained in this way has a high carbon content,
a low oxygen content, and is almost completely free from ash. The main reactions in the
degradative solvent extraction process have been identified as thermal extraction,
deoxygenation, decarboxylation, and aromatization. To identify structural components of
products and to understand the reaction process of degradative solvent extraction, it is
necessary to analyze the composition of the solid and gas states of the initial reactants and final
products. However, since the degradative solvent extraction process involves thermal
decomposition, the reaction process and products are complex. Fig. 4.8 shows the schematic

postulated for the reaction process of the degradative solvent extraction of rice straw [8]. The
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authors described that the degradative solvent extraction process was divided by temperature
range into three stages: From 200 to 300 °C, from 300 to 350 °C (0 min), and during the
prolonged residence time of 60 min at 350 °C. In the first stage, the hydrogen bonds were
cleaved by dehydration and aromatic compounds started to appear. In the second stage, H20,
CO and CO2 were evolved by dehydration and decarboxylation and the aromatization reaction
proceeded. In the final stage, the further aromatization and dehydration reactions occurred.
This indicates that intramolecular reactions were the predominant mechanism for dehydration
in the degradative solvent extraction of RS. This also signifies that polymerization of RS during
the degradative solvent extraction process was suppressed and that the final product is

composed of smaller molecular compounds.

H,0, CO,, C
/ 0 min 60 min
200°C > 300 °C > 350/°C >1350°C
»Dehydration »Dehydration »Dehydration
»Presence of »Decarboxylation » Aromatization
aromatic C=C » Aromatization

Fig. 4.8 Schematic postulated for the reaction process of the degradative solvent extraction

of rice straw [8].

Zhu et al. proposed the conversion process of the degradative solvent extraction of biomass
(sawdust). The process was divided into two stages. The first stage took place at heating up
stage from 250 to 350 °C and the beginning of the isothermal stage at 350 °C. At first stage,
the thermal extraction, deoxygenation and aromatization reactions of the raw biomass occurred
significantly. The main product was Deposit, which is dissolved in 1-MN at the extraction
temperature but is deposited at the room temperature. At the second stage, the Deposit was
further deoxygenated and converted into Soluble. In this stage, the Deposit underwent complex
reactions, such as the cleavages of oxygen containing cross-links and aromatization reactions.
The oxygen was mainly removed as H.O at the second stage. During the whole extraction
process, the extracts (Soluble and Deposit) were well dispersed in the solvent. The reactions in
this process were mainly intramolecular. [10].

In the case of lignin, the yield of Soluble increases with increasing temperature, and the
Soluble with low oxygen content and high aromaticity are obtained. And the molecular weight

of this Soluble became lower. In addition, the yield of Residue and its molecular weight
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increased. On the other hand, the addition of DES decreased the Soluble yield. From these
results, the following reaction mechanism (Fig. 4.9) is proposed. Since lignin originally
contains many aromatic components, the Soluble yield is high. Degradative solvent extraction
without DES cleaves hydrogen bonds and hydroxy groups, so that the low-molecular-weight
components with a large amount of oxygen are eluted as Soluble. At the same time, the small
fragments are released as CO, and H:O. The addition of DES in the degradative solvent
extraction promotes to cleave the ether bonds as well as some bonds with low binding energy,
resulting in the yields of Soluble containing a small amount of oxygen increases. On the other
hand, Residue may be combined with another Residue to form a macromolecule. This is
considered to be the reason why the molecular weight of Residue increased.

OH

HSC\O/ v O

OH

7 (& leavaée of 7 (E)}f. Cleavage of
ether bond o © | hydrogen bond
(0}
5
NCH; Soluble OH
Soluble

OH

Fig. 4.9 Proposed mechanism of degradative solvent extraction for lignin.

4.3.4 Role of DES for degradative solvent extraction of low-rank coal
The Main results of the degradative solvent extraction of low-rank coal are summarized
as follows:
» The Soluble yield of AC increased with increasing DES amount;
» The amount of oxygen in Soluble was almost the same independent of the experimental
conditions, but decarboxylation, dehydration and aromatization progressed with DES
added,;
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» Molecular weight of Soluble decreased.

These effects are very similar to the effects of DES on lignin. Fig. 4.10 shows the proposed
mechanism for the degradative solvent extraction of low-rank coal. Without DES, the hydrogen
bonds and the carboxy groups were cleaved by degradative solvent extraction to form Soluble
and CO., respectively. With DES, cleavage of the ether bonds together with decarboxylation
and dehydration took place during degradative solvent extraction. On the other hand, the high-

molecular-weight components together with oxygen remains in the Residue.

Cleavage of

i
t ether bond - [ l

>-£ Without DES
With DES

,@m-o

Soluble

Soluble ﬁ e
C leavage of
h\ drogen bond

Fig. 4.10 Proposed mechanism of degradative solvent extraction for low-rank coal.

4.3.5 Degradative solvent extraction of cellulose and WC

The product yields in the degradative solvent extraction of cellulose and WC with and
without DES are summarized in Fig. 4.11 and Tables 4.4 and 4.5. The results of WC were
already shown in Tables 3.4 and 3.5. The total yield of Soluble and Residue in Fig. 4.11 did
not reach 100%, and this shortfall is considered to be a liquid product such as water. In the
absence of DES, the yield of Soluble from cellulose at 300 °C was 18 wt%, which was lower
than the yield of Soluble from WC of 23 wt%. As shown in Fig. 3.1, cellulose has no aromatic
components, but the presence of components soluble in 1-MN means that aromatic components
were produced during the degradative solvent extraction. When the reaction temperature was

raised to 350 °C, the yields of Soluble from cellulose and WC slightly increased to 24 and 33
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wit%, respectively. The effect of DES addition on degradative solvent extraction of cellulose

was similar to that of WC. The Soluble yields of cellulose and WC increased with increasing

the DES amount and the reaction temperature. The yields of Residue from cellulose and WC

increased by the reaction temperature and the DES addition.

(b) 350°C, Cellulose

(c) 300°C, WC

(d) 350°C, WC

1
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Yields (wt%)
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0
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20
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1

Amount of DES (g)

0

Amount of DES (g)

0 1

co2
CH4
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H2
W Residue
® Soluble

Amount of DES (g)

Fig. 4.11 Product yield distribution of degradative solvent extraction of cellulose at (a) 300 °C
and (b) 350 °C, and WC at (¢) 300 °C and (d) 350 °C with and without DES for 90 min.

Table 4.4 Yield and ultimate analysis of Soluble obtained by the degradative solvent extraction

of lignin and cellulose.

Temperature Time DES Yield Ultimate Analysis (wt%, d.b.) HHV
(20) (min) (g) (wt%) C H N O (diff.)* (MJ/kg)
300 90 0.0 17.6 77.4 5.8 -0.1 16.9 315
300 90 1.0 23.8 81.9 5.8 0.5 11.8 34.0
350 90 0.0 23.8 83.7 6.3 -0.1 10.1 35.6
350 90 1.0 39.0 90.8 6.3 0.2 2.8 39.2

* “Q (diff)” indicates oxygen amount because there is no ash in Soluble.

Table 4.5 Yield and ultimate analysis of Residue obtained by the degradative solvent extraction

of cellulose.
Temperature  Time DES Yield Ultimate Analysis (wt%, d.b.) HHV
°C) (min) () (wt%)  C H N Odiff)™ (MJke)
300 90 0.0 18.2 68.0 4.5 0.1 27.5 24.5
300 90 1.0 54.1 58.2 2.9 0.4 38.5 16.9
350 90 0.0 9.2 72.9 3.8 0.1 23.2 26.0
350 90 1.0 53.8 62.2 3.0 0.4 34.3 19.1

** “Other (diff)” indicates that it mainly composed of oxygen and ash.
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Fig. 4.12 shows the oxygen balance in the degradative solvent extraction of cellulose and
WC. The amount of oxygen present in the Soluble obtained by cellulose and WC slightly
decreased with increasing the reaction temperature and the DES added, while that in Residue

showed no systematic changes.

100 : 0 Gas
OResidue
(a) Oxygen, Cellulose | (b) Oxygen, WC OResidue
Soluble

90 @ Soluble

80

70 F

60 F

50 f

40

Oxygen (mol%)

10 L
0 .—-—-—i
DESOg, DES1g DESOg DESIg, DESOg, DESlg, DESOg DESIg,

300°C 300°C 350°C 350°C 300°C 300°C 350°C 350°C

Fig. 4.12 Oxygen balance in the degradative solvent extraction of (a) cellulose and (b) WC.

The elemental compositions of Soluble obtained from cellulose and WC at different
reaction temperatures and DES contents were investigated. Fig. 4.13 shows the plot of the
carbon and oxygen contents as a function of the Soluble yield. This figure also shows the results
of other studies [2,3]. The carbon contents of cellulose and WC were 42.3wt% and 49.1 wit%,
and oxygen contents of cellulose and WC were 51.4 wt% and 44.0 wt%, respectively. In the
Soluble obtained by the degradative solvent extraction of cellulose, with increasing Soluble
yield, the carbon content increased from 77 wt% to 91 wt%, and the oxygen content decreased
from 17 wt% to 3 wt%. The relationship between Soluble yield and elemental compositions

for cellulose was similar to that for WC.
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Fig. 4.14 shows the relationship between H/C and O/C atomic ratios calculated from the
elemental analysis of Soluble obtained by cellulose and WC. In this figure, the H/C and O/C
of Soluble from other samples [2-7] are also shown. The H/C of cellulose and WC were 1.77
and 1.61, and O/C of cellulose and WC were 0.91 and 0.68, respectively; both H/C and O/C of
cellulose were higher than those of WC. In Soluble from cellulose, H/C and O/C decreased
significantly with increasing reaction temperature and DES content, indicating that a large
amount of water produced from cellulose by the degradative solvent extraction.
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4.3.6 Structural characterization of Soluble and Residue from cellulose and WC

Fig. 4.15 and 4.16 shows the TG and DTG profiles of Soluble and Residue obtained from
cellulose and WC. Weight of cellulose decreased to about 26 wt% in the vicinity of 340°C. The
decomposition temperature of Soluble obtained at 300°C is higher than that of cellulose,
indicating that the Soluble is composed of higher molecular weight components than cellulose.
The thermal decomposition behaviors of cellulose and the Soluble obtained by adding DES at
350°C do not seem to differ much except for slightly lowering the decomposition temperature.
TG profiles showed significantly different behaviors between cellulose and Residue. Residue
has a structure containing many high-molecular-weight components, and this tendency is
further enhanced by the addition of DES. The decomposition temperature of Soluble and
Residue obtained by cellulose was similar for that of WC.
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Fig. 4.15 TG and DTG profiles of the Soluble obtained by cellulose at (a) 300 °C and (b) 350
°C, and Soluble obtained by WC at (c) 300 °C and (d) 350 °C for 90 min.
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Fig. 4.16 TG and DTG profiles of the Residue obtained by cellulose at (a) 300 °C and (b) 350
°C, and Residue obtained by WC at (c) 300 °C and (d) 350 °C for 90 min.

Fig. 4.17shows FT-IR spectra of Soluble obtained from cellulose and WC, respectively.
The strong absorption at 1000-1230 cm™ shown in the cellulose is attributed to an ether bond
of the pyranose ring, which is the basic skeleton of the monosaccharide in cellulose [11,12].
The pyranose ring in Soluble with and without DES was almost eliminated, and the absorption
peak of aromatic C-H stretching vibration appeared similar to the case of Soluble from WC.
These results indicate that the aromatization proceeded during the degradative solvent
extraction of cellulose and WC and the aromatic components were extracted as Soluble. From
the FT-IR spectra of Residue from cellulose and WC, it can be seen that the features

disappeared with the increase in the addition amount of DES.
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Fig. 4.17 FT-IR spectra of Soluble obtained from (a) cellulose and (b) WC at 300 °C for 90

min.

4.3.7 Role of DES for degradative solvent extraction of cellulose and WC
The Main results of the degradative solvent extraction of cellulose and woody biomass are
summarized as follows:
» The Soluble yield increased with increasing the DES amount and reaction temperature;
» Oxygen content in Soluble decreased by dehydration;
> The increase of the DES amount and reaction temperature promotes the cleavage of
C=0 and C-O bonds and aromatization;
» The molecular weight become large by degradative solvent extraction, but low with

DES, while Residue has high-molecular-weight components containing large amounts

of oxygen.

Fig. 4.18 shows the proposed reaction mechanism of cellulose. The yield of Soluble
increases with increasing temperature, and the Soluble with low oxygen content and high
aromaticity are obtained. In addition, the yield of Residue and its molecular weight increased
also as WC. Degradative solvent extraction without DES cleaves hydrogen bonds and elutes
low-molecular-weight components, so that they become Soluble. In addition, some bonds with
low bond energies are cleaved and forming CO; and H20. The addition of DES on degradative

solvent extraction promotes to cleave the C-O bonds and hydroxy groups as well as some bonds
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with low binding energy, resulting in increases of the yields of Soluble. On the other hand,
Residue may be combined with another Residue to form a macromolecule forming high-

molecular-weight components.

E Cleavage of
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OH CH,OH Q
0 HO
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C-O bond :
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o OH
Soluble Dechydration
q Low-molecular weight
N

Fig. 4.18 Proposed mechanism of degradative solvent extraction for cellulose.

4.4 Conclusion

The corresponding reaction mechanism of degradative solvent extraction for AC and WC
at 300 or 350 °C with DES for 90 min are shown in Fig. 4.19. DES is considered to play a role
in cleaving oxygen-containing bonds such as ether bonds in the Residue. As a result, the
decarboxylation and dehydration took place and the aromatic low-molecular-weight
components not containing oxygen were extracted as Soluble, while the oxygen remained in

Residue with large-molecular-weight components.
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Fig. 4.19 Reaction mechanism of AC and WC.
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Chapter 5 Conclusions

5.1 Conclusions

Chapter 2
Degradative solvent extraction of AC using DES was performed in 1-MN.

€ The Soluble yield increased and the oxygen content decreased with increasing reaction
temperature and DES amount;

€ The decarboxylation took place by the degradative solvent extraction and the
decarboxylation and dehydration took place by the DES addition;

€ The HHV of Soluble were higher than raw AC.

Chapter 3
Degradative solvent extraction of WC using DES was performed in 1-MN.

» The Soluble yield increased and the oxygen content decreased with increasing reaction
temperature and DES amount;

» The dehydration mainly took place by the DES addition;

» The HHV of Soluble was higher than raw WC. On the other hand, the HHV of Soluble
obtained by WC was lower than that of Soluble obtained by AC.

Chapter 4
% The role of DES is to promote the dehydration and decarboxylation, and then the

aromatization.

5.2 Future prospects
Mozambique has high-rank coal and low-rank coal reserves. Fig. 5.1 shows the
Mozambique map.
Ncondezi Coal Fired Power Plant, Mozambiqgue, is a company that:
» Itis planned in Tete, Mozambique;
> |Is a power development company that integrates power plant and mine to produce and
supply electricity to the Mozambican market;
» The project is expected to enter into commercial operation in 2024. The offtake capacity
is expected to be 300 MW.

Soluble obtained by degradative solvent extraction of low-rank coal and biomass will be
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expected to use as the fuels required in fired power plants.

Fig. 5.1 The Mozambique map.
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