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Chapter 1

General Introduction

1.1 Biomass

With the increasing concerns about energy security, environmental pollution and climate
change, utilization of renewable energy resources has attracted more and more interest in the
recent years. Solar, wind, hydro, geothermal, wave and biomass are the most important
renewable energy source. Among these renewable energy sources, biomass is considered as a
promising candidate to replace fossil fuels and it is also the only one that holds the potential
to produce liquid and gas fuels for transportation in the near future [1]. Comparing with solar,
wind and hydroelectric systems, the biomass conversion system could be set up in virtually
any location where plants could be grown and it needs no energy storage system [2]. Besides,
biomass is a carbon neutral fuel with the annual net CO, fixation of 5.6x10' tons and emits

less sulfur compared with the fossil fuels during combustion [3].

\
Plant cell wall oot Cellulose

et

Hemicellulose
(Mainly Xylan)

Lignin

Figure 1-1. The structure of biomass (The figure is adopted from reference 5).

The annual word production of biomass by biosynthesis is estimated at 146 billion tons
and only one-eighth of the total biomass produced every year could provide all the energy for
human consumption [4]. As shown in Fig. 1-1, the primary components of biomass are
cellulose, hemicellulose and heterogeneous phenolic polymer lignin that composed the
biomass cell walls [5]. The components proportions depend on the type, the species and the
source of biomass [3, 6], but the typical biomass, wood and grass plants, are roughly

composed of 50% cellulose, 25% hemicellulose and 20% lignin [7].
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1.1.1 Cellulose

Cellulose, with the annual production of 1.5x10' tons by biosynthesis, is the most
abundant natural polymer in the world [8]. Cellulose is a polysaccharide composed of linear
glucan chains linked by B-1,4-glycosidic bonds with cellobiose residues as the repeating unit
at different degrees of polymerization that depending on resource (Fig. 1-2). These long
chains that also called elemental fibrils are grounded together to form microfibrils that bundle
together to form cellulose fibers through covalent bonds, hydrogen bonds and Van der Waals
forces [5]. The cellulose also appears in the forms of crystalline and amorphous that are due
to the introduction of highly ordered and disordered cellulose chains into the structure of
cellulose, respectively. The rigid structure and extensive hydrogen bond network make
cellulose hard to be degraded and insoluble in water as well as most of the organic solvent.
Cellulose could be degraded to monomeric sugars that are building-block compounds for both

energy and valuable chemicals through acid hydrolysis, enzymatic degradation etc. [6, 9].
OH
HO o O HO OH
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Figure 1-2. The structure of cellulose (The figure is adopted from reference 8).

1.1.2 Hemicellulose

Hemicellulose is the second most abundant polymers next to cellulose. It consists of
D-xylose, D-mannose, D-galactose, D-glucose, L-arabinose and acetylated sugars that are
linked together by B-1,4- and occasionally B-1,3- glycosidic bonds (Fig. 1-3) [6]. In many
plants, the principle component is glucuronoxylan whereas glucomannan is predominant of
softwood. Comparing with cellulose, hemicellulose has amorphous structure and branches
with short lateral chains consisted of different sugars that make it easy to be hydrolyzed and
have little strength. Hemicellulose bounds to the cellulose microfibrils via hydrogen bound
and covalently attaches to lignin that form the highly complex structure of plant cell wall.
Hemicellulose is easily hydrolyzed by dilute acid, base and myriad hemicellulose enzymes to

monomeric sugars and other valuable chemicals [10, 11].
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1.1.3 Lignin

Lignin that confers a rigid structure, impermeable property and resistance against
microbial attack and oxidative stress on the plants is the third most abundant nature polymer
next to cellulose and hemicellulose. Lignin has a complex network that is consisted of
polymerization of phenyl propane units and constitutes the most abundant non-polysaccharide
fraction in lignocelluloses [12]. The main monomers in lignin are p-coumaryl alcohol,
coniferyl alcohol and sinapyl alcohol, which are joined by alkyl-aryl, alkyl-alkyl and aryl-aryl
ether bonds (Fig. 1-4). Lignin offers a protection of cellulose against microbial and enzymatic
degradation by embedded into cellulose. It is also able to form covalent bonds with
hemicellulose. For instance, the lignin carbohydrate complexes are formed between lignin and

arabinose or galactose side groups in xylans and mannans.

1.2 Biomass conversion methods

As aforementioned, biomass has many advantages compared with other renewable
resources and it is a promising candidate to take place of fossil fuels in the future. However,
biomass dose not seem to be suit for direct combustion with fossil fuels because the
drawbacks of low caloric value, low energy density, high volatile content and high
hydrophobicity make biomass defined as a low-grade fuel. Therefore, the biomass needs a
pretreatment to upgrade its fuel properties or convert to other valuable chemicals, such as
bio-crude and biogases that have high fuel qualities before utilization [13]. Up to now,
various methods including pyrolysis, gasification, acid hydrolysis, enzymatic hydrolysis and
subcritical water treatment etc., have been used to upgrade the fuel quantities of biomass or
convert biomass and their main components to bio-fuels as well as valuable chemicals.
[14-29].

1.2.1 Pyrolysis

Pyrolysis is a type of thermolysis process that converts biomass into liquid (termed
bio-oil or bio-crude), solid and gaseous fractions by heating the biomass to the temperature
around 500 °C in an inert atmosphere [30]. The solid charcoal is favored if pyrolysis is carried
out at the lower temperature and longer residence time. In contrast, higher gas yield could be
obtained at higher temperature and longer residence time, whereas liquids are preferred in the
conditions of moderate temperature and short residence time [31]. Pyrolysis is classified into
slow, mild and fast pyrolysis according to the heating rate during pyrolysis. Among these
three pyrolysis processes, fast pyrolysis can directly convert biomass to bio-crude with the

yield as high as 80% that could be applied as bio-fuel [32]. The bio-crude was of great interest
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because the bio-crude could be further used for energy, chemicals or as energy carrier that can
be stored and transported. The process had the advantages of improved -efficiency,
environmental acceptability and virtually any type of biomass. However, the biomass needed
a pre-dry process before pyrolysis and the liquid products had poor thermal stability, high
corrosion to the equipment. Besides, fuel properties of bio-crude should be improved before
application by the means of lowering the oxygen content, hydrogenation and catalytic

cracking.

1.2.2 Gasification

Gasification is a process that converts biomass into combustible gas mixture (synthesis
gas or syngas) under the controlled conditions of limited amount of oxygen at the temperature
higher than 700 °C [33, 34]. The gas mixture can be combusted directly, or used as a fuel for
gas engines and gas turbines or as a feedstock for chemicals production [30]. The gas mixture
is mainly composed of hydrogen, carbon monoxide, light hydrocarbons, non-combustible gas
(carbon dioxide, water vapour and nitrogen) and some of impurities, such as char, ash and
soot [35]. The components of the gas mixture significantly depended on the operating
conditions, such as temperature and operating pressure, type of feed store and the fuel
moisture content. Besides, the gas quality was affected by the type of gasifer, residence time
and heating rate [36]. Gasification is considered as one of the most efficient biomass
conversion processes and one of the best alternatives for reusing waste solids [37], but it also
has some disadvantages due to the type of gasifier. For instance, the fixed bed and moving
bed gasifiers generated large amount of tar and char that were due to the low and non-uniform
heat and mass transfer between solid biomass and gasifying agent with the reactor [38, 39].
Besides, the gasification needed high-energy input and the biomass needed a pre-dry process

before gasification.

1.2.3 Acid hydrolysis

Acid hydrolysis that is a traditional biomass treatment process and it can be classified
into concentrated acid hydrolysis and diluted acid hydrolysis [40]. The concentrated acid
process for production of fermentable sugars has a long history. The ability to dissolve and
hydrolyze native cellulose in cotton by concentrated sulfuric acid was reported in the
literature as early as 1883 [41]. The concentrated acids, such as H,SO4 and HCI, were always
employed to disrupt the hydrogen bonds between cellulose chains and converted the
crystalline structures in cellulose to the amorphous structure, forming a homogenous gelatin

with the acid. The gelatin was then diluted with water at modest temperatures where the
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decrystallized cellulose could be completely and rapidly hydrolyzed to glucose with little
degradation of glucose. This process can achieve the theoretical glucose yield of 90%, but the
concentrated acids employed were toxic and hazardous and had strong corrosiveness to the
reactor. The corrosiveness made the process very expensive [42]. Besides, a large amount of
waste stream of gypsum was generated during neutralization of the acid with limestone.
Diluted acid hydrolysis that was much economically feasible than concentrated acid
hydrolysis has been well developed for the pretreatment of biomass and it significantly
elevated the efficiency of the enzymatic hydrolysis step. This process was always carried out
at the acid concentration of 2%~5% with high temperature (160 °C) and pressure (~10 atm) in
order to improve the glucose yield [43, 44]. The main advantages of this process were that the
acid recovery was not required and that there was no significant loss of acid. However, it also
has many drawbacks, such as requirement of corrosion resistance equipment, low
concentration of sugar, formation of inhibitory by-product and requirement of a pH

neutralization process.

1.2.4 Enzymatic hydrolysis

Enzymatic hydrolysis is one of the unit operations on the biomass conversion process
that utilization of enzymes or microorganisms to depolymerize biomass to produce reducing
sugars or other value-added chemicals [45]. The enzymes used in this process have highly
specific and the process is always conducted at mild conditions with the pH of 4.8 and
temperature range from 45 to 50 °C [46]. Fungi, known as good source for enzymes, are the
well-know microorganisms having the capability to degrade biomass. For instance,
Trichoderma reesei produces two cellobiohydrolases, five endoglucanases and two
B-glucosidases. Several of them have shown the synergetic manner by either hydrolyzing
different ends of the cellulose chain or exhibiting different affinities for different sites of
attack [42]. The main advantage of this process is that it does not create a corrosion problem
to the equipment compared with that of acid hydrolysis [47]. However, this process requires a
long retention time for hydrolysis and biomass pretreatment, enzyme production as well as
enzyme recovery makes this process economically unfeasible [48]. Besides, the final products
of enzymatic hydrolysis should be removed as soon as they are formed because they inhabited

the activity of enzyme, which further leads to the low efficiency of hydrolysis process [42].

1.2.5 Subcritical water treatment
Subcritical water treatment is considered as a promising method to hydrolyze biomass

and other wastes such as marine waste. Water that remains its liquid states at the temperature
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range from 100 to 374 °C under pressurized conditions is called subcritical water (Fig. 1-5).
Such water has two unique properties including a higher ion product and a lower relative
dielectric constant compared with the water at ambient condition. For instance, when the
temperature increased from ambient temperature to 250 °C, the relative dielectric constant of
water decreases from 80 to nearly 27, which is similar to those of acetone and methanol at
ambient temperature [49-52]. Meanwhile, the value of ion product increases to about 107",
which means that subcritical water can act as an acidic catalyst to catalyze chemical reactions,
such as hydrolysis and degradation without any additional catalyst (Fig. 1-6) [52, 53]. This
treatment was always conducted at the temperature higher than 150 °C with various treatment
temperatures for extraction of value-added chemicals from biomass [54, 55], hydrolysis of
cellulose and hemicellulose [56-58], gasification of biomass [59] and conversion of lipids
(fatty acid and glycerin) and protein [60-63]. Among them, the most common application of
subcritical water was to degrade biomass or its main components to obtain fermentable sugars
or other chemicals such as 5-(hydroxymethyl)furfural. For instance, Winboonsirikul e al. had
successfully extracted functional substances (e.g. carbohydrates, protein) from rice bran and
found that the optimum conditions for getting maximum extract yield was at 200 °C for the
treatment time of 5 min [27]. As for the main components of biomass, Sasaki et al. [64, 65]
had detailly studied the hydrolysis of cellulose and the further degradation of the main
product glucose in subcritical water. They pointed out that the main products for glucose were
C3-C6 sugars, aldehydes and furans. The glucose degradation rate was higher than that from
hydrolysis of cellulose at the temperature under 350 °C, whereas it was slower than that of
cellulose above 350 °C. Mok and Antal found that nearly 100% of the hemicellulose in
various wood and herbaceous biomass could be hydrolyzed at 230 °C for 2 min under the
pressure of 34.5 MPa [66]. Sasaki et al. showed that the retro-aldol condensation of D-xylose
was the dominant reaction during degradation of D-xylose in subcritical and supercritical
water and the contribution of dehydration was small in subcritical water. The main
degradation products were glycolaldehyde, glyceraldehyde and dihydroxyacetone [67]. Lignin
was difficult to be hydrolyzed in subcritical water and the main products were catechol,
phenols, cresols and methyl dehydroabietate when it was hydrolyzed at the temperature range
from 350 °C to 400 °C [68, 69]. The hydrolysis products of cellulose, hemicellulose and
lignin were different during subcritical water treatment, but the basic reaction mechanisms
can be described as follows [70, 71]:

(1) Depolymerization of the biomass.

(2) Cleavage, dehydration, decarboxylisation and deamination of biomass monomers.

(3) Recombination of reactive fragments.
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1.3 Objective and strategy of this study

Hydrolysis of biomass by subcritical water has attracted more and more attention in recent
years, because this treatment only uses water as a solvent that results low impact to the
environment. Additionally, subcritical water also shows some advantages compared with
traditional methods aforementioned: (1) there is no necessary for pre-drying of biomass since
water was used as the solvent; (2) this process is always employed at lower temperature than
those of pyrolysis, gasification and flash carbonization [72] and (3) the generated gases, such
as CO,, NOy and SOy are dissolving in water, forming the corresponding acids and/or salts
that make further treatment for air pollution possibly unnecessary [73]. The main products
obtained after subcritical water treatment of biomass were liquid extract and solid char. Up to
now, many researches have been done about subcritical water liquefaction of biomass to
obtain valuable chemicals, such as carbohydrates, protein and phenolic compounds [27-30, 70,

74, 75]. However, the degradation mechanism of biomass in subcritical water was still
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Figure 1-7. The research strategy of the present study.

remaining unclear, and few researchers have considered the utilization of solid char remained
after subcritical water. Knowing the degradation mechanisms of biomass components would
give a theoretic support for subcritical water liquefaction of biomass to obtain target products.
However, it was difficult to investigate the degradation mechanisms of biomass components
at the same time. Because among these three components, hemicellulose was degraded at
relatively lower temperature and the hemicellulose structure was affected by biomass species
(grass hemicellulose: rich in xylane; woody hemicellulose: rich in glucose, galactose and
mannose) [76]; the decomposition of lignin was always carried out at near- and supercritical
conditions [68, 77]; only cellulose, the most contained component in common biomass was

degraded in the whole subcritical water condition. We considered that investigation of the



degradation mechanism of cellulose would be the key knowledge for understanding the
biomass degradation mechanism in subcritical water. Hemicellulose and a portion of cellulose
were degraded after subcritical water liquefaction of biomass. The solid char remained after
subcritical water liquefaction of biomass would be rich in cellulose and lignin and it might
have the potential to be applied as a new resource.

Therefore, the degradation mechanism of cellulose that served as model of biomass in
subcritical water and the potential applications of solid char were considered in the present
research. The research strategy is shown in Fig. 1-7. First of all, the degradation mechanism
of cellulose that was one of the main components in biomass was investigated to provide a
theoretical supplement for the determination of optimum conditions for obtaining the valuable
chemicals in liquid extract and the solid char. Secondly, the solid char was applied to prepare
biodegradable foams and woody thin board that are promising candidates for replacing of
plastic products by a compression-molding method. Finally, the fuel properties of obtained
solid char were characterized as the solid char could also been used as a bio-fuel. The results
obtained in the present research should give a theoretic support to determine the optimum
conditions for subcritical water liquefaction of biomass to gain liquid products or solid char,
and stimulate the novel applications of solid char as well as effective utilization of all the

products obtained from subcritical water liquefaction of biomass.
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Chapter 2
Investigation of the degradation Kkinetic parameters and
structure changes of microcrystalline cellulose in

subcritical water

2.1 Introduction

With the increased problems of global warming and energy deficiency, production of
clean and sustainable power from sustainable resources has attracted more and more interest
in recent years. Biomass is the most abundant and cheap resource in the world. The
advantages of its renewable ability, carbon neutrality, and low sulfur emission during
combustion make biomass a promising candidate to replace fossil fuels for producing fuels,
sustainable biomaterials, and value-added chemicals [1-5].

Subcritical water treatment is proposed as an environmentally friendly method to liquefy
biomass. Up to now, many studies have focused on conversion of biomass to valuable
chemicals or biofuel by subcritical water treatment in the past decade [1, 4, 5, 6-10]. However,
the conversion mechanisms of its main components (cellulose, hemicellulose, and lignin) in
subcritical water that serve as fundamental research are still not fully understood. The typical
biomass (wood and grass plants) is roughly composed of 50% cellulose, 25% hemicellulose,
and 20% lignin that are hydrolyzable polymers built from glucosan, xylan, mannan, and
galactan (cellulose and hemicellulose) or aromatic alcohols (lignin) [11, 12]. Among these
three components, hemicellulose was degraded at low temperature. It was reported that nearly
100% of hemicellulose can be degraded and solubilized by treatment for 0 to 15min in
subcritical water at temperatures from 200 to 230 °C, respectively [13, 14]. The degradation
of lignin was always carried out at near- and supercritical water conditions [15, 16]. Cellulose,
the most abundant natural polymer and most contained component in biomass, was degraded
at the temperature higher than 200 °C [17, 18]. The degradation temperatures of cellulose
almost covered the whole subcritical water region. We thus considered that investigation of
the degradation mechanism for cellulose in subcritical water was very important and was the
key knowledge for understanding the degradation mechanism of biomass in subcritical water.
For the degradation kinetics of cellulose in subcritical water, Schwald and Bobleter reported

that the hydrolysis of cellulose at 200-300 °C was a heterogeneous and pseudo-first-order
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reaction, and other researchers also used this model to express the degradation kinetics of
cellulose in subcritical water and on an ionic-liquid-based catalyst [17-20]. Sasaki et al.
suggested that the degradation kinetics of cellulose in subcritical water could be expressed by
a grain model and a surface reaction rate model [21, 22]. They also pointed out that the
crystallinity of the cellulose residue was not affected by subcritical water treatment. However,
to the knowledge of the authors, only a few studies [19, 23, 24] have investigated the structure
changes of cellulose in subcritical water besides Sasaki et al. and no researcher has evaluated
the degradation order of cellulose in subcritical water. Investigation of the relationship
between structure changes and kinetic parameters of cellulose was crucial for a better
understanding of the cellulose degradation mechanism and biomass conversion process in
subcritical water. Therefore, the structure changes and degradation kinetic parameters of
cellulose (activation energy, pre-exponential factor, and order of reaction) in subcritical water

that served as fundamental research were investigated in the present research.

2.2 Materials and Methods

2.2.1 Materials

5-hydroxymethyl-2-furaldehyde (HMF) and microcrystalline cellulose powder (MCC)
with the size of 20 um, were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). The
glucose, acetone and methanol were purchased from Wako Pure Chemical Industries (Osaka,

Japan).

2.2.2 Subcritical water treatment

The degradation behavior of MCC in subcritical water was investigated in a SUS 316
stainless steel batch reactor (Taiatsu, Osaka, Japan) with the working volume of 10 mL. The
experimental scheme for subcritical water treatment of biomass is shown in Fig. 2-1. A
weight of 300 mg of MCC combined with 7 mL of Mill-Q water was charged into the batch
reactor and then the reactor was tightly closed. The reactor was set into a ceramic furnace
(ARF-40K, Asahi-Rika, Chiba, Japan) with a digital temperature controller (TXN-700, AS
ONE, Osaka, Japan). The temperature inside the reactor was monitored by a thermocouple
inserted into a tube installed in the middle of the reactor. It took 4.25 min to make the
temperature inside the reactor reached to 100 °C and this time point was defined as the
residence time of 0 s. The reactor was treated for 0 to 680 s with 10 s intervals and
temperature inside reactor versus residence time was shown in Fig. 2-2. The heating rate

inside reactor was 19.1 °C/min that was calculated by linear fitting of the experimental data.
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After the specified residence time had elapsed, the reactor was rapidly immersed in an ice
bath to stop the reaction. The mixture in the reactor was filtered by a G-4 glass filter (Vidtec,
Fukuoka, Japan). The extract was stored in a fridge until it was needed. The MCC residue was

dried at 110 °C until the weight reached to a constant value.

Furnace

=
Temperature regulator

—  Water 7 mL
~ Biomass 200 m;
i & Solid char ‘
_I |_ Filter
Lo —

Figure 2-1. The experimental scheme for subcritical water treatment of biomass.

2.2.3 Analysis of extracts

The concentration of glucose in extract was analyzed by a high performance liquid
chromatography (HPLC) combined with a LC-20AD pump (Shimadzu, Kyoto, Japan), a
refractometer (RI-800, Tosoh, Tokyo, Japan), a Cosmosil Sugar-D Packed column (4.6 mm
I.D. x 250 mm) and a Cosmosil Sugar-D guide column (4.6 mm L[.D. x 10 mm; Nacalai
Tesque, Kyoto, Japan). The elusion was a mixture of acetone and water (1:4 by vol.) at 1.6
mL/min. The sample injection volume was 25 pL. The HMF concentration in the extract was
evaluated by HPLC with an ultraviolent detector (UV-8010, Tosoh, Tokyo, Japan), an
ODS-5C;3-AR-II column (4.6 mm . D. x 250 mm) and ODS-5C;3-AR-II guide column (4.6
mm [. D. x 10 mm; Nacalai Tesque, Kyoto, Japan). The elusion was a mixture of methane

and water with the volume ratio of 1:4 at 1 mL/min. The sample injection volume was 5 pL.

18



The yields of glucose and HMF were calculated as follows:
Glucose or HMF yield (%) = 100 x CV/Mwcc (2-1)
where C, V and Mycc are the concentration of glucose or HMF in the extract with the unit of

kg/m’, volume of the extract (m’) and weight of the original MCC (kg), respectively.

300

Y=19.1X+100
R%2=10.99

Temperature inside the reactor [°C]

0 T T T T T
0 2 4 6 8 10 12

Residence time [min]

Figure 2-2. The temperatures inside the reactor at various residence times.

2.2.4 Determination of kinetic parameters of MCC in subcritical water

The determination of kinetic parameters of MCC was based on the modified form of
Arrhenius equation that was used for determining the kinetic parameters of biomass from
thermogravimetric analysis technique [25-28].

Global kinetic of the devolatilization reaction can be expressed as follows:

— dX/dt = kX" (2-2)
The Arrhenius equation can be written as

k=Ae T (2-3)
Substituting the value of &k in Eq. (2) and taking Napierian logarithm (In) on both sides

In(-dX/df)y=InA4—-E/RT+nlnX (2-4)
The X can be written as

X = (wy—wp)/(wo — wy) (2-5)
The Eq. (4) can be converted to

In [—1/(wo — wg) dwydf] =1In A — (E/RT) + nln [(w;— wg)/(wo— wy)] (2-6)
The dw,/dt in Eq. (6) is defined as the variation of w during t~#+10, and it was written as

dw/dt = (Wer10— wy)/10 (2-7)

The Eq. (6) is in the form of
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y=B+Cx+Dz (2-8)
where y, x, z, B, C and D in Eq. (8) are defined as follows:

y=In [-1/(wo — w¢) dw,/dt]

x=1/RT

z=1In [(w; — we)/(Wo— wy)]

B=1In4

C=-E

D=n

The X, ¢, k, n, A, E, R, T, wo, w, wyand wy191n Eq. (2)~(7) were defined as follows:
X Weight ratio of MCC undergoing reaction (-)

t  Residence time (s)

k  The degradation rate (s™)

Order of reaction (-)

Pre-exponential factor (s™)

Activation energy of degradation reaction (kJ mol™)

Universal gas constant (kJ mol” K™

N N A S

Absolute temperature (K)

wp  Initial weight of MCC residue in the particular zone (not the whole reaction) (kg)

wy  Final weight of MCC residue n the particular zone (not the whole reaction) (kg)

w,  Weight of MCC residue at time 7 (kg)

w10 Weight of MCC residue at time ¢ + 10 (kg)

The constants B, C and D in Eq. (8) that stood for In 4, — E and n, respectively, were
estimated by multi-linear regression of the experimental data using the Linest Function in

Microsoft Excel Sheet.

2.2.5 Characterization of MCC and MCC residues

The functional groups on MCC and MCC residue were measured by a Jacso 4100
Fourier transform infrared spectroscopy (FTIR; Jasco, Tokyo, Japan). The morphologies were
observed by a Hitachi S-4700 scanning electron microscope (SEM; Hitachi High-Technology,
Tokyo, Japan) where the samples were sputter-coated with Pt. The crystalline changes were
analyzed by powder X-ray diffraction (XRD) with monochromated CuKa radiation, using
Rigaku Geiger flex RAD-C and RINT2000 diffractometers (Tokyo, Japan). The crystallinity
index (CI) was calculated from the raw data of XRD by the peak-height method using the
following equation [29, 30]:
CI (%) = 100 X (1200 — Lam)/I200 (2-9)
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where I is the peak intensity corresponding to the (200) lattice plane of cellulose I Beta

crystal , and Z,nm is the peak intensity of amorphous cellulose.

2.3 Results and Discussion

2.3.1 Degradation of MCC in subcritical water and the concentrations of
glucose and HMF in the extract

As temperature is one of the most important parameters that influence the degradation of
MCC in subcritical water, the degradation behavior of MCC was evaluated at the temperature
range from 100 to 300 °C. As shown in Fig. 2-3, the MCC began to be degraded slowly at
205 °C and the MCC residue yield steeply decreased at above 245 °C. The lowest yield of
MCC residue (10.8%) was obtained at the temperature of 275 °C. Meanwhile, the color of
MCC residue abruptly changed from white to yellow and then to black, which indicated that
various chemical reactions dramatically occurred during subcritical water treatment (data not
shown). However, the MCC yield gradually increased with the increasing of temperature at
the temperature above 275 °C and it reached to 22.2% at 300 °C. The results described above
were similar to those reported by Fang et al. [12]. The significant change of MCC residue
yield was due to the pyrolytic depolymerization of MCC [22]. The increase of MCC residue
yield was due to the further decomposition of tar (monomer and hydrolysable oligomer) that
was from pyrolysis of non-dissolved compounds to glucose char and the degradation of linked
oligosaccharides to form aromatic linked polymer char [12, 31, 32].

Glucose and HMF are the main goal products during conversion of biomass or cellulose.
As shown in Fig. 2-4, no glucose was detected below 245 °C although a portion of MCC was
decomposed (Fig. 2-3). It was due to the high degradation rate of glucose at the temperature
above 200 °C [33]. The glucose yield was then increased with increasing of temperature until
it reached the maximum yield of 18.1% at 275 °C where the minimum yield of MCC was
obtained (Fig. 2-3). Finally, the glucose yield showed a reduction at the temperature above
275 °C and decreased to zero at 300 °C. Meanwhile, the yield of HMF increased with
increasing of treatment temperature below 289 °C and then reduced at higher temperature.
The glucose (18.1%) and HMF (5.5%) yields obtained at 275 °C were much higher than those
of 6.7% (glucose) and 0% (HMF) from hydrolysis of cellulose catalyzed by H;PO4 at 270 °C
for 5 min [34]. The yield of HMF (10.8%) obtained at 289 °C could be comparable with those
of HMF obtained by hydrolysis of cellulose in the acid ionic liquids of (C4SOsHmin)Cl (18%)
and (C4SO3Hmin)HSO4 (12%) at 100 °C for 1 h [35].
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Figure 2-3. Effect of temperature on the yield of MCC residue
(100 °C~200 °C: N =1, 205 °C~300 °C: N = 3).
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Figure 2-4. Effect of temperature on the yields of (L]) glucose and (A) HMF
analyzed by HPLC.
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Table 2-1 Temperature range and kinetic parameters of each zone.

Temperature range  Activation energy  Pre-exponential factor ~ Order of reaction

Zone X X
°C) E (kJ mol™) A(s7) n(-)
1 205~245 226.5 2.3x10% 0.6
2 245~275 423.1 9.0x10% 0.5

2.3.2 Determination of kinetic parameters of MCC in subcritical water

According to the yield changes of MCC residue (Fig. 2-3), it was found that the chemical
reactions occurred during MCC degradation at 245 to 275 °C were more temperature sensitive
than those occurred at the temperature between 205 to 245 °C. The kinetic parameters might
be different in these two temperature ranges. The MCC residue yield was increased at the
temperature range from 275 to 300 °C. In this temperature range, the kinetic parameters were
difficult to be determined. Therefore, the MCC degradation area between 205 and 275 °C was
separated into two degradation zones (Fig. 2-3) with the temperature of 245 °C as a boundary.
The kinetic parameters were determined by multi-linear regression of the experimental data at
each degradation zone.

The calculated kinetic parameters of MCC are shown on Table 2-1 and the coefficients
of determination in zone 1 and zone 2 were 0.99 and 0.93, respectively. The activation energy
in zone 1 was 226.5 kJ mol™. In contrast, the activation energy (423.1 kJ mol™) in zone 2 was
much higher than that in zone 1. This result indicated that the hydrolytic reaction was not the
only controlling resistance during MCC degradation process because the same Arrhenius plot
could not be applied at the whole temperature range, and the breaking point for Arrhenius plot
in this study was at 245 °C. Xiang ef al. had reported the similar observation that the reaction
rates exhibited a sudden departure of the rate constants from normal Arrhenius pattern with a
breaking point at the near 215 °C during acid hydrolysis of a-cellulose [36]. They pointed out
that both the hydrolytic reaction and physical state of substrate affected the kinetic behavior
of cellulose. Sasaki et al. also reported a similar result during hydrolysis of cellulose in
subcritical and supercritical water [21, 37]. They reported that the cellulose decomposition
rate at 300~320 °C was much higher than that at 260~280 °C.

The pre-exponential factors in this study were 2.3x10* for zone 1 and 9x10* for zone 2.
They were much higher than reported by Sasaki ef al. where the pre-exponential factors were
10" below 370 °C and 10*°*? above 370 °C [22]. The MCC degradation orders
determined in this study were 0.6 in the zone 1 and 0.5 in the zone 2 and these results
indicated that the degradation reactions in zone 1 and zone 2 were heterogeneous. However,

most of the researches assumed first-order reactions for their investigation of the cellulose
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degradation kinetics in subcritical water [19, 20, 36]. Duvvuri ef al. had reported that the
kinetic order for cellulose was 1.2~1.4 during pyrolysis process [26].

In this study, there were two zones that gave the different activation energy as same as
those showed by Xiang et al. and Sasaki et al. [21, 36, 37]. However, most researchers
estimated the activation energy under the assumption that the reaction obeyed first-order
kinetics (n = 1) during investigation of the cellulose degradation kinetics. They showed the
values using various types of reactors. For example, the activation energy was 71.4, 164 and
145 kJ mol™' when the cellulose was degraded at the temperature range from 230 to 270 °C by
a semi-flow reactor [38], 250 to 310 °C by a flow-type reactor [39] and 320 to 400 °C by a
continuous-flow-type microreactor [22], respectively. Tolonen et al. also showed the
activation energy (225 kJ mol'), which was comparable with that of this study during
degradation of cellulose at the temperature range from 245 to 319 °C by a flow rate reactor
[19]. Like these, there was a large variation in the values of activation energies including the
Tolonen’s value, which was comparable with that in zone 1 in the present study. Additionally
even using a diluted acid catalyst, which could decrease the value of activation energy, some
values in activation energy were compatible, i.e. 100 and 144 kJ mol™" at the temperature
range from 190 to 250 °C and 190 to 227 °C, respectively [40]. We could not give a clear
explanation for these differences in activation energy, however, the reasons were considered
to be as follows: (1) the degradation methods and treatment conditions were variously defined
among the different researches, and (2) concerned with the evaluation of the kinetic
parameters, the other researchers assumed that the degradation of MCC obeyed the first-order
kinetic while we estimated all of the kinetic parameters (kinetic order, activation energy and
pre-exponential factor) in the present study. This accurate estimation could induce to such a

high value of activation energy.

2.3.3 FTIR spectra of MCC and MCC residues

FTIR is a technique that is possible to follow the functional group changes in MCC
during subcritical water treatment. Therefore, the FTIR spectra of MCC as well as MCC
residues obtained at 200 °C, 217 °C, 260 °C, 275 °C, 289 °C and 300 °C were evaluated in
the present study. As shown in Fig. 2-5, the peak around 3300 cm™, which attributed to the
hydrogen-bonded O—H groups in intermolecular and intramolecular cellulose, became weaker
with the increasing of treatment temperature and it disappeared at the temperature above
275 °C. The loss of O—-H group was due to the dehydration of cellulose during subcritical
water and it could improve the hydrophobicity of cellulose residue or the torrefied biomass
[38]. The peaks at 2900 (aliphatic C—H stretching), 1100 (ether bond C-O-C in cellulose) and
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Figure 2-5. FTIR spectra of original MCC an MCC residues obtained at
200 °C, 217 °C, 260 °C, 275 °C, 289 °C and 300 °C, respectively.

1030 cm™ (C—O stretch) also showed the same phenomenon to the O-H group. Besides, the
CH, bending at 1380 cm™ became stronger with increasing of treatment temperature and it
was due to the O—H bending during subcritical water treatment. Two new bands at 1510 and
1730 cm™ appeared and they became stronger at higher treatment temperature. These two
peaks were assigned to C=C stretching and C=0 stretching, respectively. The C=O presented
here may be a carboxyl group and/or carbonyl groups derived from hydroxyl group through
dehydration because the cellulose body was rich in carboxyl groups. The presence of C=C
stretching indicated that aromatic polymer was generated during subcritical water treatment.

The aromatic polymer generated here might also due to aromatization and cross-linking
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reactions of cellulose during subcritical water treatment besides the reasons aforementioned
[41]. Therefore, it was considered that the cellulose surface functional groups were

significantly destroyed during subcritical water treatment.

2.3.4 SEM images of the MCC and MCC residues

Using the SEM, it was possible to observe the surface morphology change that could
indirectly reflect the extent of reaction on MCC surface. The SEM images of MCC and MCC
residues obtained at 217 °C, 260 °C, 275 °C, 289 °C and 300 °C are shown in Fig. 2-6. The
average diameter of original MCC fiber was approximately 20 pm and the length of MCC
fiber was between 20 to 80 pum (Fig.2-6a). The morphology of MCC had no significant
change below 260 °C except the slightly decreasing of the diameter and length of MCC fiber
(Fig. 2-6b and 6c). However, the surface of MCC residue was completely destroyed and the
MCC residue trended to agglomerate above 260 °C (Fig. 2-6d, 6e and 6f). Meanwhile, MCC
residues with strong pore structures were obtained at 289 and 300 °C (Fig. 2-6e and 6f). The
agglomeration of MCC residue was due to the dehydration of acid catalyzed intermolecular
surface among macrofibrils [42]. The pore structure on MCC residue was probably due to
coverage of glucose char and aromatic linked polymer char on the MCC residue surface as

aforementioned.
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Figure 2-6. SEM images of (a) original MCC and MCC residues obtained at (b) 217 °C,
(c) 260 °C, (d) 275 °C, (e) 289 °C and (f) 300 °C, respectively.
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2.3.5 X-ray diffraction patterns of the MCC and MCC residues

The MCC and MCC residues were analyzed by X-ray diffraction in order to investigate
the crystalline changes of them. The X-ray diffraction spectra and CI of MCC as well as MCC
residues obtained at 200 °C, 217 °C, 260 °C, 275 °C, 289 °C and 300 °C were shown in Fig.
2-7 and 2-8, respectively. The XRD patterns showed that the crystalline peaks on the MCC
residues were not disrupted at the temperature range from 200 to 275 °C compared with those
of original MCC, although 89.2% of MCC was decomposed and the surface morphology of
MCC was completely destroyed at 275 °C (Fig. 2-3 and Fig. 2-6d). Meanwhile, the CI of
MCC showed a decrease of 10.7%, which meant a portion of cellulose crystalline was
destroyed compared with that of the original MCC at 275 °C (Fig. 2-8). Sasaki et al. had
reported that the hydrolysis of cellulose in subcritical water was consisted with surface
peeling at relatively low temperature followed by homogeneous swelling and dissolution at
the temperature higher than 350 °C at the pressure of 25 MPa in a flow reactor [22]. However,
no cellulose II structure that was due to the swelling of cellulose was observed in this study.
Therefore, it is probably that only the surface of MCC was peeled and its internal structure
remained intact at the temperature below 275 °C. In contrast, the crystalline peaks of MCC
residues dramatically reduced, resulting a steeply reduction of CI at the temperatures of 289
and 300 °C. It meant that the internal crystalline structure was damaged at these temperatures.
Therefore, it was considered that the pore structure on the MCC residue described above

could also be the result of destruction of internal crystalline structure of MCC.

MCC
200 °C

217 °C
260 °C
275 °C
289 °C
300 °C

10 15 20 25 30 35 40
20 [degree]

Figure 2-7. XRD patterns of original MCC and MCC residues obtained at 200 °C,
217 °C, 260 °C, 275 °C, 289 °C and 300 °C, respectively.
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2.3.6 The proposed degradation mechanism of MCC in subcritical water
Considering all the experimental and analytical results described above, the degradation
mechanism of MCC at the temperature range from 205 °C~300 °C was proposed in Fig. 2-9.
At zone 1 (205 °C~245 °C), the degradation of MCC took place slowly on the MCC surface
region without swelling because no cellulose II was observed (Fig. 2-7). Therefore, the
surface morphology and XRD patterns of MCC had no significant change (Fig.2-6b and Fig.
2-7). In contrast, the hydrogen bonds and the glycosidic bonds began to be destroyed,
resulting the dramatic change of MCC surface morphology and reduction of CI at zone 2 with
the temperature range from 245 °C to 275 °C (Fig. 2-6¢ and 6d and Fig. 2-8). The degradation
reactions were heterogeneous at zone 1 and zone 2, because the orders of reaction were
fraction (Table 2-1). The activation energy in zone 2 was 423.1 kJ mol” and it was much
higher than 226.5 kJ mol™ in zone 1 (Table 2-1). It was because that only a few of the
glycosidic bonds on MCC fibrils surface were destroyed while the glycosidic bonds and
hydrogen bonds on the interior of the MCC fibrils were remained unabridged in zone 1;
however, these glycosidic and hydrogen bonds on the interior MCC fibrils began to be
destroyed in zone 2 and it resulted in the higher activation energy than that in zone 1.
Meanwhile, the pre-exponential factor became much larger because the MCC surface was
destroyed through degradation, resulting the high surface area on MCC surface. At for the
temperature above 275 °C, the hydrogen bonds and glycosidic bonds on the interior of MCC
fibrils continuously destroyed that led to the significant reduction of CI, and the generated
oligomer and monomer, further degraded to glucose char, aromatic linked char and other

chemicals.

2.4 Conclusions

The degradation behavior of MCC was evaluated at the temperature range from 100 to
300 °C. The MCC began to be degraded slowly at 205 °C and became faster above 245 °C.
The lowest yield of MCC residue was obtained at 275 °C and it showed an increase at higher
temperature. The highest yields of glucose and HMF yields were obtained at 275 °C and
289 °C with the value of 18.1% and 10.8%, respectively. The degradation area
(205 °C~275 °C) of MCC was separated into two zones with 245 °C as a boundary. The
activation energy (E), pre-exponential factor (4) and reaction order (n) of MCC in zone 1 and
zone 2 were 226.5 kJ mol”, 2.3x10” s and 0.6 and 423.1 kJ mol”, 9.0x10" and 0.5,
respectively. The hydrolytic reaction was not the only controlling resistance during MCC
degradation process and there showed a breaking point of Arrhenius plot at the temperature of

245 °C. The surface morphology of MCC had no significant change before 260 °C, as
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indicated by SEM images. However, it was completely destroyed at the temperature higher
than 275 °C and MCC residues with pore structures were obtained at 289 °C and 300 °C. The
crystalline peaks and CI of MCC had no dramatic changed before 275 °C although 89.2% of
MCC was decomposed at 275 °C and then it was steeply reduced, as shown by XRD patterns.
The degradation mechanism of MCC at 205 °C to 300 °C was proposed as follows: (1)
degradation of MCC at surface at 205 °C~245 °C; (2) destruction of hydrogen bonds and
glycosidic bonds of MCC at the temperature range from 245 °C to 275 °C and (3) further
degradation of MCC as well as generated oligomer and monomer at the temperature above
275 °C.
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Chapter 3
Preparation of biodegradable foam from walnut shell

treated by subcritical water

3.1 Introduction
According to the results obtained in Chapter 2, less than 30% of cellulose was degraded

under the temperature of 260 °C. Generally, hemicellulose was much more reactive than
cellulose and lignin was degraded at near- and supercritical conditions [1]. For example, it
was reported that nearly 100% of hemicellulose could be decomposed and solubilized by
treatment for 0 to 15 min in subcritical water at temperatures from 200 to 230 °C [2, 3]. We
thus speculated that the solid char remained after subcritical water treatment would be rich in
lignin and cellulose and had the potential to be applied as a new resource, although few
researchers have focused on the application of solid char.

There have been various studies on the use of pure lignin and cellulose, such as
preparation of starch-lignin films, starch-lignin foams and starch-cellulose foams [4-6]. It was
reported that the addition of lignin and cellulose (<15%) could reinforce the mechanical
properties of starch foam. Probably, the solid char that was rich in cellulose and lignin could
paly the roles of pure lignin and cellulose to reinforce the mechanical properties of starch
foam.

Therefore, in this study, solid char remained after subcritical water liquefaction of
biomass was used to prepare biodegradable foams by compounding with corn starch. Walnut
shell (WS) from Carya cathayensis Sarg was employed as a model waste biomass. Roughly
10000 tons of this biomass are generated annually in Lin’an city, China, and an effective
treatment method for this resource has been anticipated. The purpose of this study was to
investigate the effect of solid char on the mechanical properties of biodegradable foam. Major
applications of the prepared foams would be as disposable food containers for single or

short-term use, which would decrease the use of foamed polystyrene.

35



3.2 Materials and Methods

3.2.1 Materials

The WS was produced in Lin’an city, China. The WS was milled and screened (diameter
less than 0.3 mm) using a milling machine (WB-1, Osaka Chemical Corporation, Osaka,
Japan). Before the experiments, the WS was dried at 105 °C for 24 h. The reagents used i.e.,
sodium hydroxide (99%), acetic acid (99%), sulfuric acid (95%), sodium carbonate (99%),
sodium chlorite (80%), corn starch, potassium acetate (99%), magnesium nitrate hexahydrate
(99%), magnesium stearate and acetic acid (99%) were all purchased from Wako Pure
Chemical Industries (Osaka, Japan). Calcium sulfate was obtained from Nakarai Tesque

(Kyoto, Japan).

3.2.2 Subcritical water treatment of walnut shell

The subcritical water treatment of WS was carried out in the same equipment as
described in Chapter 2. Actually, 100 mg of WS and 7 mL of water was used. The reactor was
treated at the temperature range from 160 to 260 °C with the treatment time of 15 to 60 min.
After treatment the mixture in the reactor was filtered and the extract and solid char were

recycled.

3.2.3 Analysis of the carbohydrate content in the extract

The carbohydrate content in the extract was evaluated using a modified phenol-sulfuric
acid method [7]. A 75% (w/w) aqueous phenol solution (0.25 mL) and 2.5 mL of sulfuric acid
were added to 1 mL of extract, which was previously diluted by ultrapure water for 5 times,
or glucose solution as a standard and then well mixed. The mixture was kept at ambient
temperature for 20 min. The carbohydrate content in the extract was analyzed using a
UV-1200 spectrophotometer (Shimadzu, Kyoto, Japan) at 490 nm versus water as a blank.

The measurements were conducted in triplicate.

3.2.4 Analysis of the components in the walnut shells and solid char

The holocellulose and cellulose contents in the biomass were analyzed by the method
described by Yokoyama et al. [8]. 100 mg of biomass and 4 mL of Mill-Q water were set in
to a 20 mL flask, and then reacted with 200 mg of 80% sodium chlorite as well as 0.8 mL
acetic acid at 90 °C for 1 h. After reaction, the flask was cooled in an ice bath and the

suspension in the flask was filtered by a G-4 glass filter (Vidtec, Fukuoka, Japan) and washed
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by Mill-Q water for 3 times (3 x 50 mL). The remained solid was dried at 105 °C for 24 h and
the yield of holocellulose was determined.

For the determination of cellulose, 50 mg of dried holocellulose as well as 4 mL of 17.5%
sodium hydroxide were charged into a 20 mL sample bottle and left reacting for 30 min at
room temperature. Then, 4 mL of Mill-Q water was added and left for anther 30 min. After
the total reaction time of 60 min had elapsed, the suspension was filtered by a G-4 glass filter
and washed by Mill-Q water (3 x 30 mL). The remained solid was soaked in 1.0 mol/L acetic
acid for 5 min. The neutralized solid was filtered and washed by water in the same manner as
aforementioned. The cellulose yield was determined after the neutralized solid was dried at
105 °C for 24 h.

The hemicellulose was calculated by the weight difference between holocellulose and
hemicellulose.

The lignin content of biomass was determined using 72% sulfuric acid method, with
some modifications [9]. 100 mg of biomass was treated by 1.5 mL of 72% sulfuric acid for 2
h at room temperature to hydrolyze and solubilize the carbohydrates. Then, the suspension
was diluted with Mill-Q water (56 mL) to reduce the sulfuric acid to 3 wt% and boiled for 4 h.
After treatment, the boiled suspension was filtered by a G-4 glass filter and washed by hot
water until reached to a neutral pH. The remained solid was dried at 105 °C for 24 h and the
lignin yield was determined.

2. The protein content was determined by the Dumas method and calculated using the
following equation [10]:

Protein content (%) = N x 6.25 (3-1)
where N is the nitrogen content of WS expressed on a dry mass percentage and 6.25 is the
nitrogen conversion factor.

The ash content was evaluated by combustion of the biomass in a furnace at 550 °C for 4
h. A weight of 1.0 g of biomass was loaded into a platinum cell and the cell was set into an
electric furnace (Super100, Shirota Electric Furnace Co. LTD, Tokyo, Japan). The furnace
was then heated to 550 °C and kept for 4 h. The weight of ash in biomass was measured after

the combusted biomass cooling to the ambient temperature.

37



Add magnesium

stearate S S Add water St
S —
pI— ~J s> (NI
AN N

Starch/Starch + Solid char

Mix for 3 min Mix for 3min

Heating at 74 °C until
dough like

| . =
=T & |—|‘“—’W|—|<:@<J

Press the mixture in to
Treat for 3min the aluminum mold

Preheat the hot press
to 170 °C

Figure 3-1. The experimental scheme for preparation of biodegradable foam by a modified

compression-molding method.

3.2.5 Preparation of biodegradable foam

The solid char after subcritical water treatment was used for the preparation of
biodegradable foams. The foams were prepared using a modified compression-molding
method [5]. Before usage, the water content of the corn starch was measured by drying it in
an oven at 105 °C for 24 h and the water content of corn starch was 12.6%. To make the
starch foam, 1.0 g dry weight of corn starch was used. Part of the corn starch was replaced by
5%, 10%, 15% and 20% of solid char, respectively. Magnesium stearate was used as a
releasing agent, at a level of 2.0% of the corn starch content by dry weight.

As shown in Fig. 3-1, corn starch, with or without the solid char, was mixed for 3 min by
magnetic stirring. Then water was added; the ratio of the weight of water (added water +
water contained in corn starch) to dry corn starch or to dry corn starch plus the solid char was
kept at 1.0. The mixture was mixed for another 3 min and placed in a water bath at 74 °C until
the mixture had thickened to a dough-like consistency. Then the dough-like mixture was
transferred to an aluminum mold (50 mm % 20 mm x 3 mm) and the foam was prepared in a
hot press (AH-2001, AS ONE, Osaka, Japan), which was preheated to 170 °C at a pressure of
2 MPa for 3 min. The density of the prepared foam was determined by weighting the foam

and calculating the volume from the dimensions.

3.2.6 Morphology of prepared foam
For scanning electron microscopy (SEM) measurements, the foams were sputter-coated

with Pt and examined with a Hitachi S-4700 scanning electron microscope.
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3.2.7 Measurement of mechanical properties of prepared foam
Starch foam and foam containing 20% solid char were conditioned under different
relative humidities (RH) before mechanical tests. The foams were conditioned in containers
that contained anhydrous CaSO4 (0% RH), or saturated salt solutions of CH;COOK (23% RH)
or Mg (NOs), (53% RH) at 50 °C for 3 d. The foams were cut into specimens of dimensions
50 mm x 10 mm x 3 mm after condition. Three-point bending tests were carried out to
measure the flexural modulus E, flexural stress o, and flexural strain ¢ of the prepared
specimen. The flexural modulus was calculated using equations (3-2):
E =mL’/Abh’ (3-2)
where E is the flexural modulus of the specimen; m is the slope of the tangent to the initial
straight-line portion of the load-deflection line, L is the support span; and b and 4 are the
width and height of the foam, respectively.
The flexural stress was calculated using equation (3-3):
o = 3PL2bi* (3-3)
where o is the stress at the midpoint of the specimen; P is the load at a given point on the
load-deflection curve; and L, b and 4 are the same as in equation (3-2).
Flexural strain was calculated using equation (3-4):
€= 6hd/L* (3-4)
where ¢ is the strain in the outer surface at the midpoint of the specimen; J is the maximum

deflection of the center of the specimen; and L and 4 are as in equation (3-2).

3.3 Results and Discussion

3.3.1 Total carbohydrate content in the extract

The carbohydrate in the extract was the main target product during subcritical water
liquefaction of biomass. We thus measured the carbohydrate content in the extract and the
results are shown in Fig. 3-2. Fig. 3-2a shows the carbohydrate contents in the extracts treated
at temperatures from 160 to 260 °C for 15 min. The carbohydrate content increased with the
increasing of treatment temperature from 160 to 200 °C, and decreased significantly at
temperatures higher than 200 °C. The decrease in carbohydrate content from 200 to 260 °C
was ascribed to hydrolysis of poly- or oligo-saccharides and higher decomposition rate of
monosaccharides as a result of the high ion product of water at these temperatures [11, 12].
The carbohydrate content decreased when treated for longer time at 200 °C (Fig. 3-2b).

These results showed that subcritical water treatment at 200 °C for 15 min was the

optimum condition for obtaining carbohydrates. The carbohydrates obtained here were the
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starting substances for producing bioethanol and effective derivates such as 2,
5-furandicarboxylic acid. In this content, this extract solution could give their highest
quantities. If the residue in this condition could be effective for preparing biodegradable foam,
we can use all of WS effectively. Therefore, the residue obtained at this condition was used

for preparing biodegradable foam.
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Figure 3-2. Changes in total carbohydrate content of walnut shells prepared
(a) at the temperature range from 160 to 260 °C for 15 min and
(b) at 200 °C for the treatment time of 15 to 60 min.

3.3.2 The components in walnut shells and solid char
The weight of the solid char was 54 mg when 100 mg of WS was treated at 200 °C for

15 min. Table 3-1 shows the contents and weights (calculated) of cellulose, hemicellulose,

40



lignin, protein and ash in WS and the solid char after treatment of the WS at 200 °C for 15
min (denoted by SC200). The cellulose, hemicellulose and lignin weights in 100 mg of
original WS were 27.9, 30.2 and 39.1 mg, respectively. A percentage of 95.4% of
hemicellulose (28.2 mg) had been degraded after the subcritical water treatment. The
carbohydrates described above would be the mainly degradation products of hemicellulose
and 10.4% of cellulose (2.9 mg) and 30.2% of lignin (11.8 mg) were hydrolyzed at the same

time.

Table 3-1. WS and SC200 components (% wt), and mass balances
based on the treatment of 100 mg of WS.

Composition WS (100 mg) SC200 (54.0 mg)
Cellulose 27.9% 279mg 46.3% 25.0 mg
Hemicellulose 302% 302mg  2.6% 1.4 mg
Lignin 39.1% 39.1mg  50.6% 27.3 mg
Protein 5.1% 5.1 mg N/A N/A
Ash 1.3% 1.3 mg N/A N/A

N/A: data not available

3.3.3 Optical scans and density of prepared foam

Optical scans of the prepared foams are shown in Fig. 3-3. The dimensions of the
prepared foams were 48 mm X 19 mm x 3 mm. Replacing 20% of the corn starch by SC200
did not prevent formation of a foam plate. However, when the residue content was over 20%,
the prepared foam was not plate-shaped. The color of the resulting foam became darker as the
residue content increased.

Table 3-2 shows the densities of prepared foams. SC200 had little effect on the density of
the prepared foams. The average density of the prepared foams was 346.6 kg/m’ and they
were comparable to those of starch-lignin foams prepared using a similar method [5]. The
starch foam density is known to depend on the starch source, water content, heating time, and
heating temperature [13, 14]. However, here the similar densities of prepared foams were
probably due to the mold size and total dry weight of corn starch or corn starch plus SC200,

which were fixed at 48 mm x 19 mm x 3 mm and 1.0 g, respectively.
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Foam densities for commercial use were approximately 20 kg/m’ [15], lower than that of
the foam prepared here. However, starch foams prepared by extrusion had densities of
approximately 60-70 kg/m’, which were comparable to those of commercial starch foams [16].
So, it was probably that solid char-containing foams with lower densities could be obtained if
extrusion method was used in this study. Because the bulk density of starch foam was
affected by the shear viscosity and the screw configurations of the extruder and lower bulk
density could be obtained by changing the extrusion shear rates and screw configurations [17,

18].

Figure 3-3. Optical scans of foams (SC200 content from left to
right: 0%, 5%, 10% and 20%).

Table 3-2. Densities of prepared foams.

SC200 content (%) Density (kg/m’)
0 363
5 339
10 347
15 343
20 341
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Figure 3-4. SEM images of prepared foams with SC200 contents of (a) 0%, (b) 5%,
(c) 15% and (d) 20%.

Figure 3-5. SEM images of prepared foams surface with SC200 contents of
(a) 0% and (b) 20%.

3.3.4 SEM observation of prepared foam

Figure 3-4 shows the SEM images of prepared foams containing 0%, 5%, 15% and 20%
of SC200, respectively. The micrograph of a cross-section of the starch foam (Fig. 3-4a)
showed that the prepared foam had a sandwich-type structure. The outer skin, containing
some small cells, comprised the surface of the prepared foam. The outer skin was denser than
the interior. This was because the outer skin was close to the sheet of the hot press when the

foam was prepared, so the water in the starch paste dried rapidly and the outer side of the
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paste could not expand as extensively as the inside of the paste. The large cells with thin walls
in the foam interior would result from some water being vented out of mold and consequent
cell rupture [13].

The foams containing 15% or 20% SC200 displayed the same features (Fig. 3-4b, 4c and
4d). As indicated by the SEM images, replacing 20% of the corn starch by the SC200 caused
no major changes in the morphology of the prepared foam, and SC200 could be incorporated
into corn starch without collapse of the starch foam.

Figure 3-5 shows SEM images of the surfaces of the prepared foams containing 0% and
20% SC200, respectively. Some remaining corn starch granules (Fig. 3-5a) could be observed
on the surface of the prepared starch foam. The remaining corn starch granules were too
closed to the sheet of the hot press, so they dried rapidly and could not swell as much as those
far from the sheet. Granules were more evident on the surface of the foam containing SC200
(Fig. 3-5b) and it was because that SC200 could not swell, and the material close to the
hot-press sheet dried rapidly and turned to solid granules. All the prepared foams had many
holes on the foam surfaces. It was probably caused by steam and air voids or shrinkage and

rupture during hot pressing [13].

Table 3-3. Mechanical properties of prepared foam.

RH content  Flexural modulus Flexural stress Flexural strain
(%) (MPa) (MPa) (%)
foam” char foam® foam” char foam® foam” char foam®

0 138+23 17945 1.2+0.3 1.5+0.1 1.0+0.4 0.8+0.1

23 176+15 211£13 2.3+0.4 3.8+0.4 1.3+0.3 1.8+0.3

53 145+13 156+7 2.8+0.4 2.0+0.4 2.0+0.1 1.3+0.3
The values after + show the standard deviations N=3
a: starch foam b: prepared foam containing 20% SC200

3.3.5 Mechanical properties of prepared foam

The mechanical properties are important parameters to evaluate the foam. Table 3-3
shows the mechanical properties of prepared foams without being conditioned in any RH. It is
known that starch content, plant source and moisture content affect the mechanical properties
of foams prepared by the present method [19]. The flexural modulus of the prepared foams
increased with increasing SC200 content from 0% to 20% except at the SC200 content of
10%. The increase of flexural modulus was due to the increase of lignin content in the

prepared foam because the lignin could elevate the mechanical properties of corn starch foam
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[5]. It was also reported that the starch foam combined with higher fiber content would lead to
lower foam strength that directly affected the flexural modulus [20, 21]. However, the SC200
used in this study contained cellulose and lignin. So it was different from pure lignin and
cellulose. There was a possibility that at the SC200 content of 10%, the ratio of cellulose and
lignin contents could affect the flexural modulus. The detailed research will be done in the
future. The flexural modulus of the prepared foam containing 20% SC200 was 1.5 times
stronger than that of the starch foam. This indicated that SC200, which was prepared by a
simple method, could effectively elevate the mechanical properties of corn starch foam.

The flexural stresses of the prepared foams containing 5%, 10% and 15% SC200 were
similar to that of the starch foam. However, the flexural stress was 1.7 times stronger than that
of starch foam when the SC200 content was increased to 20%. Replacing 20% of the corn
starch by SC200 had little effect on the flexural strain of the prepared foam.

For comparison, the values of the mechanical properties of foamed polystyrene are as
follows: flexural modulus, 105 MPa; flexural stress, 1.3 MPa; and the flexural strain, 1.7%
[14]. Therefore, the flexural strains of the prepared foams in this study were similar to that of
foamed polystyrene, and the flexural modulus and flexural stresses of the prepared foams

were stronger.

Table 3-4. Effects of RH on mechanical properties of prepared foams.

SC200 content Flexural modulus  Flexural stress Flexural strain

(%) (MPa) (MPa) (%)
0 209+6 3.1+1.1 1.6+0.5
5 220+17 2.4+0 1.1£0.1
10 186+16 3.1+0.5 1.7+0.4
15 226+8 2.6+0.8 1.2+0.2
20 32240.1 5.5+0.3 1.8+0.1
The values after + show the standard deviations N=3

Table 3-4 shows the effect of RH on the mechanical properties of the prepared foams
after condition at various RHs. It was clear that the maximum values of the flexural modulus
for all the foam specimens investigated were obtained at 23% RH, and decreased at both
lower and higher RHs. The reason for the weaker flexural modulus and strain was probably
that at 0% RH, the cell structure of the starch-based foams was so brittle that cracks could
form and propagate, and at 53% RH, the high amount of absorbed moisture weakened the cell

structure appreciably [22]. The flexural modulus (156 MPa) of prepared foam containing 20%
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SC200 conditioned at 53% RH was lower than the reported flexural modulus (395 MPa) for
foams prepared using a similar method at a 1:1 (starch + 20% pure lignin): water composition
[5]. The lower flexural modulus in this study was probable due to cellulose fiber in the SC200
[20, 21].

The flexural stress and flexural strain of the starch foam specimen increased with
increasing of RH. However, as for the foam specimens containing 20% SC200, the highest
values of flexural stress and flexural strain were obtained at the RH of 23% and lower values
of them were obtained at the RHs of 0% and 53%.

Although the values of the mechanical properties for all the foam specimens investigated
were lower than those before conditioning at various RHs (Table 3-3), they were still

comparable to the values of the foamed polystyrene described above.

3.4 Conclusions

The solid char obtained at 200 °C for the treatment of 15 min was used to prepared
biodegradable foam by a modified compression-molding method. It was found that SC200
could efficiently elevate the mechanical properties of corn starch foam. Replacing 20% of the
corn starch by SC200 had no deleterious effects on density and morphology. The foams
prepared by the present method had the similar flexural strains to that of foamed polystyrene,
and larger flexural modulus and flexural stresses. This result suggested that the prepared foam

could be a good candidate to take place of foamed polystyrene in the future.
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Chapter 4

Characterization of surface properties of woody thin
boards composed of commercially available lignin and
cellulose: Relationship between the orientation of lignin

and water repellency

4.1 Introduction

In chapter 3, the biodegradable foams whose mechanical properties could be comparable
with those of the commercial foamed polystyrene were prepared. However, the corn starch
used here is the most common carbohydrate in human diets and the source material of many
sugars. Moreover, the biodegradable foam prepared showed a hydrophilic property that
limited its application. Therefore, we needed to improve the hydrophobicity of the prepared
foam.

Wood plastic composites (WPCs) that are produced by thoroughly mixing wood
particles and waste plastic are a promising material to resolve the manager probable of waste
palstic. In the past decades, many kinds of WPCs, i.e., polypropylene or high-density
polyethylene or polycarbonate or polystyrene or polyvinyl chloride/wood flour compositions,
were prepared by various processing methods [1-9]. They have become prevalent in many
building applications, such as decking dock, landscaping timbers and fencing [10-13].
However, the highly hydrophilic characters of lignocellulosic biomass make them
incompatible with thermoplastics that are highly hydrophobic. Such incompatibility produces
poor interfacial adhesion between matrix and filler, which results in poor mechanical property
because stress could not be transferred properly from the matrix to the fibers [14,15]. Besides,
the highly hydrophilic characters also made lignocellulosic biomass vulnerable to attack by
fungi and termites, resulting in the loss of dimensional stability, greater decay susceptibility
and low durability [16]. Therefore, it was important to improve the water repellency of
lignocellulosic biomass before preparation of WPCs.

Up to now, the water repellency has mainly been improved by the microscopic
roughness of the surface [17] and the chemical approach [18] whereas few researchers

focused on improving the hydrophobicity of lignocellulosic biomass through removal of the
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hydrophilic component in lignocellulosic biomass [14]. The hydrophilic of lignocellulosic
biomass was due to the hydroxyl groups in cellulose and hemicellulose. The solid char that
was obtained after subcritical water treatment of lignocellulosic biomass always had higher
water repellency and higher lignin and cellulose contents compared with those of original
lignocellulosic biomass [19]. Therefore, the solid char would be good source for preparation
of WPC, or in other words, the waste plastic was a good candidate to replace corn starch for
improving the hydrophobicity of starch foam prepared in Chapter 3.

Before preparation of WPC, clarification of the surface property of WPC composed of
only woody materials would be helpful to understand the surface modification and discuss the
standard property. Meanwhile, conventional WPCs are prepared by materials such as lignin,
cellulose, and other chemicals. This complex composition is easily an obstacle for elucidating
the method to design the surface of WPCs with the desired properties. The investigations
using the purified woody materials could give the coarse and essential findings.

Therefore, woody thin boards that served as a precursor of WPC were prepared by
mixing purified lignin, cellulose (model substances for solid char) and water through
compression molding method. The composition region where thin boards were obtainable
was revealed on the ternary lignin/cellulose/water system. Thereafter, we characterized the
physicochemical properties of woody thin boards, such as the contact angle, relative
permittivity, chemical composition at the surface, and surface structure. The orientation of
lignin was thereby discussed. As a result, we discussed the relationship between the water

repellency and the orientation of lignin within woody thin boards.

4.2 Materials and Methods

4.2.1 Materials

Purified lignin and cellulose (crystalline cellulose I) were purchased from Wako Pure
Chemical Ltd. (Osaka, Japan).

4.2.2 Preparation of woody thin boards by the compression molding
method

Lignin and cellulose were mixed within a certain composition ratio for 20 min. Water
(0~40 mg) was thereafter added to the mixture (30 mg) and mixed for 2 min. The above
mixture was injected into the aluminum mold and the woody thin board was prepared by a hot
press (AH-2001, AS ONE, Osaka, Japan) that was preheated to 180 °C with the pressure of

25 MPa for 10 min. Afterwards, the mold was considerably cooled down to recover woody
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thin board. The dimensions of recovered woody thin boards were 10 mm x 10 mm x 0.3 mm.

4.2.3 Measurement of contact angle

The contact angle of water on the sample was measured by using an auto-contact
angle/surface tensiometer (DSA 10, Kriiss, Switzerland). The image of the water drop was
recorded and analyzed with data acquisition software after 1 min. Then, the contact angle was

measured by drawing a line at the edge of the water drop.

4.2.4 Dielectric measurement

To measure the frequency dependency of capacitance and conductance, we used an
Agilent 4291B Impedance Analyzer (Agilent Technologies, Palo Alto, CA) with a homemade
cell. The instrument was calibrated using air and a calibrated short and load circuit. Woody
samples were loaded into the measuring cell, and its capacitance (C,) was measured at
frequencies from 1 MHz to 700 MHz to determine the relative permittivity (¢’) by using the
following equation:

g =C,/Cy, 4-1)

where Cy represents the cell constant. To minimize the errors that arise in calculation, the
accuracy of our experimental data on three calibration samples (water, ethanol, and methanol)
was checked to obtain the difference in permittivity from the published data [20]. It was
within 4% of relative error in all cases. Finally, we determined the &’ value at = 0 Hz by

extrapolating the ¢’ value to 0 Hz.

4.2.5 ATR-FTIR

The infrared (IR) spectroscopy was performed to detect the surface of woody thin boards
with an FT/IR-4300ST equipped with an attenuated total reflactometry (ATR) unit (ZnSe
crystal) (Nihon Bunko Co., Ltd., Tokyo, Japan). The resolution was 4 cm™. The subtraction of
spectra in the buffer was carried out to remove the contribution from water bands. The
accuracy of the frequency reading was better than +0.4 cm™. ZnSe crystal can give the

analytical space with 100 nm in depth from the surface.

4.2.6 X-ray diffraction measurement

The crystalline of woody thin boards was examined using a powder X-ray diffraction
(XRD) with monochromated CuKa radiation, using Rigaku Geiger flex RAD-C and
RINT2000 diffractometers (Tokyo, Japan). The diffraction patterns were measured from 20 =
8-60 degree with scan speed of 0.1 degree/min at 40 kV and 30 mA.
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Relative crystallinity index (CI) of the cellulose I was calculated by the following
equation [21]:
CI (%) =100%(Z200)— Tam) / 1200 (4-2)
where 200) and I, represent intensities at 26= 18.5° (amorphous state) and 22.5° (crystalline I

state), respectively.

4.2.7 Scanning electron microscopic observation

The morphology of woody thin boards was observed by using a scanning electron
microscope (SEM) (S-4700, Hitachi Ltd., Tokyo, Japan). Woody thin boards were mounted
on metal stubs by double-faced tap and images were taken. Prior to imaging samples were

coated with Pt in a sputter coater (E1030 Sputter, Hitachi Ltd.).
4.2.8 Atomic force microscopic observation

4.2.8.1 Observation

The surface of woody thin board was imaged by using the scanning probe microscope,
SPM 9600 (Shimadzu Co., Kyoto, Japan). The atomic force microscopic (AFM)
measurements were carried out at ambient conditions (25 °C) using dynamic mode with
constant amplitude. A silicon cantilever OMCL-AC200TS (OLYMPUS, Japan), having a
tetrahedral shape with a spring constant of 9 N/m and an oscillation frequency of 150 kHz,
was used to scan the surface of woody thin boards. The scan rate was 1 Hz and the resolution
was 512 samples per line. Scanning was performed at 3 different positions of each sample and

representative images have been shown here.

4.2.8.2 Estimation of surface roughness

The digital data for profile y; along the line in the scanned area by AFM was acquired.
The equipped software of AFM automatically gave the several types of roughness by using
the digital data for the scanned area. Thereafter, we used three different definitions on the
roughness. The first roughness is the arithmetic average, R,, of the absolute values of the
roughness profile y; in ordinates. The value was calculated by the equation: R, = Y |yi|/n. The
second roughness is the root mean square average, Rmms. The value was calculated by using
the equation:

Roans = (X"/m)"? (4-3)

Both R, and Ry, are characterized by ISO 4287 standard (1997) [22]. The third is the
Japanese industrial standard (JIS), Rjis [23]. The Rjs value is calculated based on the ten
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highest peaks and lowest valleys over the entire sampling length:

Riis = > (7pi - i)/ 10 (4-4)
where i and y,; are the i-th highest peak and lowest valley, respectively.

4.3 Results and Discussion

4.3.1 Screening of the woody thin boards preparation using
lignin/cellulose/water system

In the first series of experiments, we prepared the woody thin boards in the variety of
composition of lignin, cellulose, and water, by the compression-molding method (180 °C, 25
MPa for 10 min).

Figure 4-1 shows the relationship between the preparation of woody thin boards and
their composition. In the case of the water content greater than 55%, samples in the
powder-like aggregates including much moisture were obtained nevertheless to the ratio of
lignin and cellulose. The treatment of hot press for 10 min at 180 °C was obviously not
enough to achieve the dewatering. In the case of 35~55% of water content, woody thin boards
were obtainable at the composition ratios of 4:6, 3:7, and 2:8 for lignin/cellulose. When the
water content was less than 35%, the obtained samples were in powdered-state, not in thin
board-state. The same was true for the compression molding without water. Apart from that,
thin board-like plates that apparently had similar architecture to woody thin boards were
obtained in the specific composition (triangles in Fig. 4-1). Meanwhile, thin board-like plates
including moisture were subjected to be disaggregated, which was probably due to the
insufficient dewatering.

It was then revealed that the region where woody thin boards were obtainable was
limited (the area described by opened circles in Fig. 4-1). It was likely that the adequate initial
water content and composition ratio of lignin and cellulose were required for the formation of
woody thin boards. Their compositions in the condition used here were summarized in Table

4-1. Those surface properties were investigated in the following.
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Figure 4-1 Lignin/cellulose/water ternary system for the preparation of woody thin boards.
Open circle: thin boards were obtained. Closed circle: thin boards were not obtained. Open
triangle: thin board-like plates were obtained although their mechanical strength was too weak
to keep themselves. Total amount of lignin and cellulose was 30 mg. The condition of
compression molding was 180 °C, 25 MPa for 10 min. Refer to Table 1 for the number

subscripted to the open circle in a figure.
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Table 4-1 Mixture ratio and surface roughness of woody thin boards used in this study.

Board C/L/W * Surface roughness °
[mg/mg/mg] R, [nm] Rjis [nm] Ry [nm]
1 18/12/20 9.02 21.1 200.6
"""" 2 21920 161 488 STl
"""" 3 24620 144 452 4015
"""" 4 181230 133 449 4058
"""" s 21030 38 133 6318
"""" 6 24630 166 312 1880

a. C: cellulose, L: lignin, W: water. b. Definition of surface roughness. R,: the arithmetic

average, R,m the root mean square average, Rji: the Japanese industrial

standard-characterized roughness.
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4.3.2 Surface properties of woody thin boards

4.3.2.1 Macroscopic surface properties of woody thin boards

The contact angle is a macroscopic index for the interaction between the surface of
boards and liquid droplet. In the case of water droplet, the contact angle is considered as the
index of water repellency. Figure 4-2(a) shows the contact angle for each board. Boards-2~-4
had large contact angles (55~60 °C) relative to board-1, -5 and -6 (45~48 °C). Comparing the
contact angle with the composition, it was unlikely that the contact angle for woody thin
boards depended on their composition ratio of lignin/cellulose/water (Fig. 4-1 and Table 4-1).

In general, the water repellency is determined by the interaction between the surface of
boards and water droplets. The interaction of interface with polar liquid such as water
depends on the polarity of interface. The measurement principle of the impedance analyzer
gives the permittivity at the surface of samples. Therefore, we determined the polarity
(hydrophilicity) of boards by measuring the relative permittivity. Figure 4-2(b) shows the
relative permittivity of each board. Overall, the relative permittivity of boards-1~-6 was in the
range of 5 to 10, which was consistent with the results reported by Paz et al. [24]. In our
experiments, the boards-2~-4 had lower relative permittivity than other boards. Meanwhile, it
was unlikely that the relative permittivity, as well as contact angle, depended on their
composition ratio of woody thin boards shown in Fig. 4-1 or Table 4-1.

From a comparison of Fig. 4-2(a) with Fig. 4-2(b), it seems to show a certain correlation
between the contact angle of boards and their permittivity (Fig. 4-2(c), r = 0.920), suggesting
that woody thin boards with lower permittivity have the stronger water repellency. This
apparent correlation implies the possibility that the interaction of water droplets with surface
of woody thin boards originates from their low relative permittivity. As stated before, the
permittivity (polarity) was not always determined by the composition ratio of
lignin/cellulose/water of the whole woody thin board. The investigation of chemical
composition at the surface would be therefore required to discuss the polarity at the surface of

woody and thin boards.
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Figure 4-2 (a) Contact angle for woody thin boards and (b) their relative permittivity. (c)
Comparison of the contact angles of woody thin boards with their relative permittivity. Solid

line is the regressed line (r = 0.920). All the experiments were performed at least three times.
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4.3.2.2 Chemical composition of the surface of woody thin boards as microscopic
property

Fourier transferred infrared (IR) spectroscopy equipped with an attenuated total
reflactometry (ATR) unit, which is called as ATR-FTIR, is one of the most powerful
techniques to detect the chemical composition of 100 nm in depth of surface.

Figure 4-3(a) shows the spectra for six boards. Overall characteristics observed in
spectra were first discussed. The major peaks that show up in the spectra are the broad band at
3320 cm™, as attributed to hydroxyl groups in phenolic and aliphatic structures and the bands
centered at 2925 and 2858 cm™' predominantly arising from C-H stretching in aliphatic C-H
and aromatic methoxyl groups. The band at 1625 cm™ is attributed to conjugate carbonyl
stretching in lignin according to the previous report [25, 26]. Likewise, the bands for aromatic
skelton vibration in lignin are assigned at 1600, 1511, 1422 cm™'. Besides, the bands at 1127
and 1035 cm™' arise from the aromatic C-H in-plane deformation for syringyl and guaiacyl
type, respectively. In contrast, aromatic C-H out of plane bending appears at 844 cm’.

In the following, we compared the absorbance of lignin-derived peak (hydroxyl group,
carbonyl group, and aromatic skeltone vibration) if these bands depended on the composition
ratio of lignin and cellulose. Overall, the board-1 had the smallest strength in the functional
groups, as shown in Fig. 4-3(b)-(d). Boards-2 and -3 had significantly large strength of
absorption and the board-2 had the highest peak with respect to those three adsorptions. In
this measurement using ATR-FTIR as well as the measurements of both the contact angle and
the relative permittivity, it was unlikely that the strength of absorption for boards depended on
their composition ratio of lignin/cellulose/water.

To discuss the influence of surface composition of woody thin boards against the relative
permittivity, the absorbance of each peak was again plotted against the corresponding relative
permittivity (Fig. 4-4(a)). The relative permittivity of boards (Fig. 4-4(a) right: r = 0.920) was
apparently correlated with the aromatic skelton vibration better than the hydroxyl group (Fig.
4-4(a) left: r = 0.810) and the carbonyl group (Fig. 4-4(a) middle: r = 0.820). The hydroxyl
groups are involved not only in lignin but also in cellulose. In contrast, other two groups
derive from only lignin. In general, the increase in the number of hydroxyl group must
become hydrophilic, which is not consistent with the correlation as shown in the left-sided
figure of Fig. 4-4(a). It is, therefore, implied that the correlation for the hydroxyl group
corresponds to the presence of lignin rather than cellulose.

From results obtained by ATR-FTIR, lignin was likely to be present at the surface layer
of board-2 and -3 whereas lignin was unlikely to be present at the surface layer of boards-1, -5
and -6.
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Figure 4-3 (a) ATR-FTIR spectra for various woody thin boards. Peak absorbance for (b)
hydroxyl group, (c) carbonyl group, and (d) aromatic skeleton vibration. All the experiments

were performed at least three times.
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were r = 0.810, 0.820, and 0.920, (b) Comparison of the contact angle with the intensity of

various adsorption of various woody thin boards. Regression coefficients of three (from left to

right) were respectively. r = 0.675, 0.783, 0.856, respectively.
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4.3.2.3 X-ray diffraction (XRD) study of woody thin boards

In contrast to the last section addressing the orientation of lignin in the boards, the
present section addressed cellulose by using an XRD measurement. Previously, an XRD
could give the plausible interpretation about the structure of microcrystalline cellulose at the
surface of materials [27, 28]. We examined the XRD measurement and Fig. 4-5(a) shows the
XRD spectra for boards-1~-6. The peaks observed at 20 = 17.4° and 22.5° resulted from a
crystalline I structure of cellulose, according to the previous reports [27, 28]. In Fig. 4-5(a),
peaks at 20 = 18.5° and 22.5° are assigned to the amorphous and crystalline I states (Miller’s
index: (200)), respectively [29]. The CI calculated from intensities Iom at 260 = 18.5° and I(00)
at 22.5° was shown in Fig. 4-5(b). Overall, the CI values were at around 90 % and also
independent of the composition of cellulose/lignin/water system, except for the board-6 (CI =
78%). Judging from the spectra of boards, it was unlikely that crystalline cellulose I altered to
crystalline cellulose II, III, or IV (that have the main peak at 26 = 19~21°) and the (100—CI)
value here is corresponding to the content of amorphous cellulose. Therefore, it was
considered that microcrystalline cellulose remained in the board over the compression
molding at 180 °C and 25 MPa for 10 min although a part of cellulose altered to the
amorphous type of cellulose, which was not depending on the composition of cellulose, water

and lignin.
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for woody thin boards. The definition of CI is CI (%) =100%(Z200) — Lam)/(200)-

62



4.3.2.4 Surface state of woody thin boards

Roughness of surface also gives the qualitative information about the presence of lignin
on the surface of woody thin boards. For examples, Moniruzzaman and Ono [27] have
reported that the presence of lignin on cellulose in woody material appears to give the rough
surface. Thereby, we observed the surface of woody thin boards to confirm the presence of
lignin on cellulose.

A scanning electron microscopic (SEM) is a powerful tool for the visualization of
macroscopic surface structure of samples. SEM images of boards are shown in Fig. 4-6 (left).
Boards-5 and -6 had the smooth surface (Fig. 4-6, left). In contrast, it was found that boards-2,
-3, and -4 had the rough surface. Roughness at the surface of these boards was also
microscopically observed by using an atomic force microscopy (AFM). The typical AFM
images were shown in Fig. 4-6 (middle). There was a bulge and valley in the surface of
board-2 whereas a relatively smooth surface was there in board-5. Such geometries reflect the
microfibrillar structure of cellulose [21]. It seems that cellulose microfibrils lies one upon
others to form the surface of woody thin boards. We discussed the orientation of lignin on
cellulose by using the phase image of AFM (Fig. 4-6 (right)). The elastic modulus for
microcrystalline cellulose I, amorphous state of cellulose I, and lignin were 14~150 GPa [30],
2~10 GPa [31], and 2.1~6.7 GPa [32], respectively. In general, the elastic modulus of
materials correlates with their phase image obtained by an AFM observation. We addressed
the boards-5 and -6 that were not significantly including lignin. The phase images had the
high phase region, suggesting the presence of microcrystalline cellulose on the surface.
Addressing boards-2 and -3, the regions with different phases could be observed (arrows A)
other than the phase region (arrows B) similar to that observed in boards-5 and -6. The region
arrowed by B was assigned to cellulose. Meanwhile, the region arrowed by A could not be
identified as lignin or amorphous cellulose from only the AFM observation.

The direct observation using SEM and AFM suggests that there exists microfibrillar

structure of cellulose I on the surface of woody thin boards.
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4.3.3 Microscopic surface structure of woody thin boards

The surface roughness is an alternative factor for the water repellency. For examples, the
Lotus effect has been well known as the water repellency that originates from the surface with
the extreme roughness [17,18]. In this section, we investigated how the orientation of lignin
into the surface of woody thin boards affected the surface geometry.

We first discussed the surface roughness along with the line in AFM images of boards-2
and -5, by using Figs. 4-7(a) and (b), respectively. Assemblies of cellulose fibrils were
observed in both cases. The surface profiles along with the line A-B was shown in Figs.
4-7(c) and (d), indicating that the surface of board-2 relative to board-5 was obviously rough.
By using the profile, we estimated the arithmetic average (R,), the root mean square average
(Rms), and the Japanese industrial standard-characterized Rjis. The calculated indexes are
summarized in Table 1. Overall, three indexes showed the similar trend, although some
exceptions were involved (board-6 in R, and board-5 in R.m). The Rjis value as a typical
example was shown in Fig. 4-7(e). Boards-2, -3, and -4 have the relatively definite rough
surface in contrast to boards-1, -5, and -6. This result quantitatively supported the qualitative

discussion with SEM and AFM observations.
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Figure 4-7 AFM images of (a) board-2 and (b) board-5. Profiles of z-axis for (¢) board-2 and
(d) board-5. (e) Roughness Rjis of woody thin boards. (f) Comparison of contact angle of

woody thin boards with their surface roughness Rjis.
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4.3.4 Possible interpretation of water repellency, hydrophobicity and
surface roughness for woody thin boards

From a comparison of a roughness R;i; with contact angle, a certain correlation was
observed as shown in Fig. 4-7(f). The same was coarsely true for comparisons of R, and Ry
with contact angle although some deviations were observed (data not shown). Meanwhile,
both had no causation, because there is a common reason, the orientation of hydrophobic
lignin into the surface of woody thin boards. Again, considering the correlation seen in Fig.
4-2(c), the orientation of lignin at the surface resulted in an increased hydrophobicity of
surface to improve the water repellency. Alternatively, a creation of roughness originated
from lignin remained at the surface of woody thin boards (See board-2 in Fig. 4-6). Therefore,
the apparent correlation between the contact angle and the surface roughness had no causation
in the present conditions. Supplementary, the contact angle should be, ideally, negatively
correlated with the surface roughness [33,17].

Based on the above discussion, it was revealed that the water repellency depended on the
hydrophobicity of surface rather than the surface roughness. Meanwhile, it seems that the
orientation of lignin at the surface had nothing to do with the structure of microcrystalline
cellulose in woody thin boards. The present finding would give the better insight on the
surface modification by the hydrophobic polymer to improve the water repellency of woody

thin boards and control their surface geometry.

4.4 Conclusions

In this study, we made attempts to construct woody thin boards using the commercially
available lignin and cellulose. The compression molding without water made it impossible to
form woody thin boards. The same was true for small amounts of water (less than 35 %) or
too much water (greater than 55 %). Both an adequate moisture and composition ratio of
lignin / cellulose was required for the compression molding of woody thin boards. It was
revealed that remaining lignin at surface of woody thin boards resulted in an increased
hydrophobicity of surface and a creation of surface roughness. In the present case, an
increased hydrophobicity of surface rather than a creation of surface roughness was likely to

contribute to the improved water repellency.
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Chapter 5
Characterization the fuel properties of solid chars
obtained from subcritical water treatment of various

biomasses

5.1 Introduction

The solid char could be used to prepare biodegradable materials as described in Chapter
3 and 4. The solid char prepared in the present study was rich in cellulose and lignin. The
higher heating value (HHV) of lignin was 21.13 MJ/kg that was much higher than that of
biomass (15~19.7 MJ/kg). We thus speculated that the solid char might have the potential to
be applied as a bio-fuel.

Humulus lupulus (common hop plant), Plumeria alba (an evergreen shrub) and
Calophyllum inophyllum L. (an evergreen tree) are very abundant in the United States. The
2009 production of H. lupulus in the U.S. was 3.1x10" tons, and the production is expected to
keep growing [1]. The mature female inflorescence or cone of H. lupulus is used in the
brewing and pharmaceutical industries, and the leaves and stem materials have been burned or
landfilled as a means of disposal [2]. P. alba is a 6—7-m-tall tree that is widely planted in the
Hawaiian Islands. The milky sap of the stem and leaves is used in treatments for skin disease,
and the extracted stem and leaves showed potential for use as an energy source although they
have been disposed of as waste [3, 4]. Calophyllum inophyllum L. (also known as
Alexandrian laurel) is an evergreen tree with the average height of 8-20 m; it is widely
planted in the Hawaiian Islands. Calophyllum inophyllum L. provides prized timber that can
be used for carving, cabinetmaking and boat building [5], and its processing at timber mills
produces a high amount wood flour. The remains of Calophyllum inophyllum L. as well as
those of H. lupulus and P. alba might have potential for energy production, but it is necessary
to find new ways of using their remaining biomasses. Additionally, these three biomasses
have different component ratios (Table 5-1), and they could thus act as model materials for
other biomasses with similar component ratios.

For these reasons, we used H. lupulus (HL), P. alba (PA) and Calophyllum inophyllum L.
(CIL) as raw materials for subcritical water treatmen in the present study. Further, we

characterized the fuel properties of prepared solid char.
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5.2 Materials and Methods

5.2.1 Materials

The three types of biomass, HL, PA and CIL were produced in Guam. Their
components are shown on Table 5-1. CIL contained the highest lignin content. HL and PA
contained similar lignin content, and HL had the highest hemicellulose content. These
biomasses were used without any pretreatment except milling before all of the experiments.

All reagents used were purchased from Wako Pure Chemical Industries (Osaka, Japan).

5.2.2 Subcritical water treatment

The subcritical water treatment of biomass was carried out in the same as described in
Chapter 2. 200 mg of biomass and 8 mL of water was used. The reactor was treated at the
temperature range from 180 to 260 °C with the treatment time of 10 min. After treatment the
mixture in the reactor was filtered and the obtained solid char was dried at 105 °C for 24 h.
The solid chars obtained at various temperatures were abbreviated as HL-xxx or PA-xxx or
CIL-xxx, where HL, PA and CIL are the names of biomasses and xxx showed the subcritical

water treatment temperature.

5.2.3 Characterization of solid char

The lignin, cellulose and hemicellulose contents in the biomass and solid char were
measured by the same methods as described in Chapter 3.

The element contents (C, H and N) were measured by an elemental analyzer (240011,
PerkinElmer, Kanagawa, Japan). The HHVs of the biomasses and solid chars were
determined from their element contents and calculated by the following equation [6]:

HHV =5.22C* - 319C — 1647H + 38.6CH + 133N + 21028 (5-1)
where C, H and N represent the carbon, hydrogen and nitrogen contents of the biomass or
solid char, respectively, expressed in mass percentage on a dry basis. The energy yield was
calculated from the HHV as well as the solid charmass yield by the following equation:
Energy yield (%) = HHV id char/ HHV raw biomass X solid char mass yield (5-2)

The hydrophobicity of the biomasses and solid chars were evaluated by the following
method: Approx. 100 mg of biomass or solid char was placed in a plastic dish and then the
dish was placed in a large plastic bottle containing saturated sodium chloride solution with the
relative humidity of 75%, at the experimental temperature of 30 °C. It took 15 to 20 days for
the biomasses and solid chars to reach equilibrium. The final moisture content was calculated

by the weight difference between before and after treatment, and this value was used to
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estimate the hydrophobicity of each sample.
For scanning electron microscopy (SEM) measurements, the biomasses and solid chars
were sputter-coated with Pt and examined with a scanning electron microscope (S-4700,

Hitachi, Tokyo, Japan).

5.3 Results and Discussion

5.3.1 The solid char yield

The solid char yield reflects the thermal stability of a biomass during subcritical water
treatment. The yields of all solid chars obtained from the HL, PA and CIL biomasses were
examined, and the results are shown in Figure 5-1. The yield decreased with the increase in
the subcritical water treatment temperature, indicating that temperature was an important
factor that affected the solid char yield. Among the three types of biomass, the solid char
yield prepared at the same temperature was in the order of CIL-xxx > PA-xxx > HL-xxx. At
260 °C, CIL produced a solid char yield of 50.9%, which was much higher than those of PA
(31.5%) and HL (26.5%). This was due to the higher content of lignin in CIL (Table 5-1),
because lignin has a higher decomposition temperature than cellulose and hemicellulose, and
the lignin made the greatest contribution to the production of char [7]. The CIL biomass thus
showed more thermal stability than the PA and HL biomasses, and higher solid char yield
could be obtained from the biomass containing higher lignin content during the subcritical

water treatment.
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Figure 5-1. Mass yield of solid chars derived from subcritical water treatment of

HL, PA and CIL at various temperatures for 10 min (N=3).
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5.3.2 The components of biomasses and solid chars

As noted earlier, cellulose, hemicellulose and lignin are the main components of biomass.
Knowing the component content in a solid char will help elucidate the degradation
mechanism of the biomass and determine the optimum conditions for subcritical water
treatment. Table 5-2 shows the weights of the remaining cellulose, hemicellulose and lignin in
the solid chars. The cellulose and hemicellulose in the three solid chars were significantly
decomposed with the increase in the subcritical water treatment temperature, whereas lignin
was slightly decomposed at higher temperatures. Regarding the decomposition of cellulose
and hemicellulose in the solid chars, the weights of cellulose and hemicellulose in HL were
reduced from 38.4 to 13.8 mg (64.1% decrease) and from 72.9 to 7.4 mg (89.8% decrease),
respectively, with the increase of the subcritical water treatment temperature. In this case,
much more hemicellulose was decomposed, which was consistent with the report by Yan et al.
that hemicellulose was more reactive than cellulose and could be easily hydrolyzed even at
200 °C [8]. However, our result was different from the conclusions that hemicellulose started
decomposing at 200 °C and became fully devolatilized at 250 °C [9]; in another study,
cellulose presented a slow decomposition rate below 250 °C and the rate became rapid above
300 °C [10].

In contrast, we obtained the opposite result: more cellulose than hemicellulose was
decomposed when we subcritical water treatment of PA and CIL. For example, 39.7 mg of
cellulose in CIL with the reduction rate of 78.9% was decomposed when the subcritical water
treatment temperature reached 260 °C, whereas only 45.4% (14.7 mg) of the hemicellulose
was decomposed at 260 °C. It was thus confirmed that the reduction of the solid yield was not
due mainly to the decomposition of hemicellulose but rather was due to the decomposition of
both cellulose and hemicellulose (Fig. 5-1). We suspect that the reactivity of both cellulose
and hemicellulose in the biomasses was affected by the biomass species and its component

weight ratio.
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Table 5-1. Component weights of HL, PA and CIL as well as solid chars obtained at various

temperatures for 10 min.

Biomass/solid char Cellulose (mg) Hemicellulose (mg) Lignin (mg)

HL 38.4+4.9 72.9+4.9 49.3+£2.6
HL-180 35.0+4.7 17.8+4.7 38.7£1.9
HL-200 29.6+0.9 15.3+0.9 32.0+1.0
HL-220 24.5+1.0 19.5+1.0 33.8+0.6
HL-240 26.5+0.5 11.5+0.5 44.3+£2.0
HL-260 13.8+1.1 7.4+1.2 40.8+1.7

PA 73.6£8.0 45.448.0 50.4+1.8
PA-180 25.9+0.4 20.0+0.4 49.0+1.3
PA-200 24.8+0.5 17.0+£0.5 44.5+0.2
PA-220 23.344.7 15.9+4.7 44.6+1.1
PA-240 16.1£2.5 17.3£2.5 43.2+0.4
PA-260 14.8+0.9 12.5+0.9 42.7+0.4

CIL 50.3+£3.2 32.4+3.2 72.6+9.4
CIL-180 35.1£3.8 25.0+3.8 68.3£5.1
CIL-200 40.7+£0.7 12.6+0.7 74.4+5.1
CIL-220 38.1£1.7 13.4+1.7 78.0£5.5
CIL-240 19.8+2.1 20.742.1 77.0£1.0
CIL-260 10.6£3.5 17.7£3.5 64.1+0.9

The values after + show the standard deviations N=3
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5.3.3 Elemental analysis of biomasses and solid chars

The element content is an important factor in the evaluation of the fuel properties of
solid chars. Higher carbon content and lower oxygen content can efficiently elevate the
combustion properties of solid char [11]. We thus analyzed the element content of the HL, PA
and CIL biomasses and the prepared solid chars. Table 5-3 shows that the carbon contents of
the three types of solid chars increased with the increase in the subcritical water treatment
temperature, whereas the oxygen contents were decreased at higher subcritical water
treatment temperatures. This phenomenon was due to the reduction of hydroxyl groups in the
form of water during subcritical water treatment, and the results also indicated that subcritical
water treatment could largely improve the fuel properties of these biomasses.

The hydrogen and nitrogen contents of the solid chars showed no significant change
compared to their raw biomasses. The element contents of HL-260, PA-260 and CIL-260
reached the same level as those of lignite with 61.6% carbon, 5.7% hydrogen, and 30.1%
oxygen content [12]. The three solid chars obtained in the present study also had similar
element contents, although their parent biomasses contained different component weight
ratios and their yields at 260 °C were different. We thus speculate that the final element
content of the solid chars may have no relationship to the raw biomass component weight
ratio but that this content was related to the original element content of the biomass during
subcritical water treatment, because the three types of biomass examined herein had similar
element contents.

Variations in the atomic H/C and O/C ratios of solid char can be used to efficiently
evaluate the fuel grade of solid chars. We therefore calculated the atomic H/C and O/C ratios
from the molecular weight of the raw biomasses and solid chars (as well as lignin and lignite)
and plotted the values obtained in a van Krevelen diagram (Fig. 5-2). Both the H/C and O/C
ratios of all three solid chars decreased with the increase in the subcritical water treatment
temperature, and these ratios were much lower than those of their parent biomasses even at
180 °C. The H/C and O/C ratios of HL-260, PA-260 and CIL-260 were close to that of lignite,
and the ratios of CIL-260 were also similar to those of lignin. The above results revealed that
HL-260, PA-260 and CIL-260 could combust with lignite without a significant change in the
combustion properties of lignite. It was reported that a fuel with low H/C and O/C ratios
could efficiently reduce energy loss, smoke, and water vapor generation during the
combustion process [12]. Therefore, subcritical water treatment could largely elevate the
combustion properties of a biomass.

The HHV and energy yield of solid char are important factors to evaluate the subcritical

water treatment and determine the optimum conditions. We examined the HHV calculated
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from the solid char element content and energy yield. The results are shown in Figures 5-3
and 4. The HHVs of all three types of solid char increased with the increase in the subcritical
water treatment temperature (Fig. 5-3), and the energy yield values decreased at the same time
(Fig. 5-4). The increase in HHV was due to the reduction of low-energy chemical bonds such
as H-C and O—C and the increase in a high-energy chemical bond (C—C) during subcritical
water treatment [12].

In the present experiment, the HHVs of HL, PA and CIL were 17.5, 17.7 and 18.4 MJ/kg
and they increased to 25.3, 25.7 and 23.6 MJ/kg, respectively, as the temperature increased to
260 °C (Fig. 5-3a, 3b and 3c). The obtained solid chars that had HHVs between 23.5 and 25.7
MJ/kg are comparable to those of some commercial coals such as Northumerland No. 81/2
Sem. Anth. Coal (24.7 MJ/kg), Jhanjra Bonbahal Seam Coal-R-VII (24.1 MJ/kg) and
German Braunkohole lignite (25.1 MJ/kg) [13]. Although lignin plays an important role in
contributing to the HHV of solid char [14], in our study, CIL-260, which has a higher lignin
content than those of HL-260 and PA-260 had the lowest HHV. Among these three biomasses,
PA-260 had the largest HHV elevation (45.2%) compared to those of HL-260 (44.5%) and
CIL-260 (28.3%), although their parent biomasses had similar HHVs. This result was
probably due to the differences in biomass components (especially the cellulose and
hemicellulose contents) because both of cellulose and hemicellulose were significantly
decomposed at higher subcritical water treatment temperatures (Table 5-2). We found that
CIL-260 had the lowest HHV and energy content elevation, but it showed a higher energy
yield (65.2%) than HL-260 (38.5%) and PA-260 (45.7%) (Fig. 5-4). This was due to the
higher lignin content of CIL, which led to the higher mass yield of solid char because the
lignin was hardly decomposed at the temperature range from 180 to 260 °C (Table 5-2).
Therefore, the subcritical water treatment was able to markedly elevate the HHV of the
biomass.

Based on the aforementioned results, we concluded that the solid chars obtained at a
higher subcritical water treatment temperature could be co-combusted with German
Braunkohole lignite without a significant change in the fuel properties of the German

Braunkohole lignite, because of their similar HHV's and H/C and O/C atomic ratios (Fig. 5-2).
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Table 5-2. Element contents of biomasses and solid chars obtained
at various temperatures for 10 min.

Biomass/Solidchar C (%) H (%) N (%) 0Oa (%)

HL 43.3 6.2 2.5 48.0
HL-180 45.1 5.9 1.3 47.7
HL-200 49.7 6.4 1.9 42.0
HL-220 52.8 6.4 1.9 38.9
HL-240 55.9 6.0 2.2 35.9
HL-260 60.5 6.0 2.7 30.8

PA 44.5 6.1 0.6 48.8
PA-180 51.8 6.5 0.8 40.9
PA-200 56.0 7.0 0.8 36.2
PA-220 57.6 7.0 0.7 34.7
PA-240 59.0 6.9 0.6 335
PA-260 60.7 6.8 0.6 31.9

CIL 46.7 5.6 0.1 47.6
CIL-180 51.0 53 0.4 43.3
CIL-200 53.1 52 0.4 41.3
CIL-220 54.7 5 0.4 39.9
CIL-240 57.0 5.1 0.4 37.5
CIL-260 59.1 4.9 0.3 35.7

a Calculated by difference
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5.3.4 The hydrophobicity of biomasses and solid chars

The hydrophobicity of solid char obtained from a biomass is an important factor that is
related to the storage and energy density of the solid char. A solid char with higher
hydrophobicity is much more stable and unlikely to deteriorate biologically. We therefore
characterized the hydrophobicity of the three types of biomass and solid chars in this study,
evaluated by their final moisture contents after the samples were incubated at 75% relative
humidity at 30 °C. As shown in Figure 5-5, all of the solid chars became more hydrophobic
with the increase in the subcritical water treatment temperature, which was consistent with the
result reported by Acharjee et al. [15]. Among these three solid chars, the solid chars that
from HL and PA were more hydrophobic than that form CIL in the same conditions. For
example, HL-260 and PA-260 had the moisture content values of 2.4% and 2.3%,
respectively (Fig. 5-5a and 5b), which is much lower than that the 7.2% value of CIL-260
(Fig. 5-5¢). Among the three main components of biomass, hemicellulose has a greater water
sorption capacity compared to lignin [16] and the process used to obtain the solid char
affected its hydrophobicity. The differences in hydrophobicity among HL-260, PA-260 and
CIL-260 were thus due to the differences in components, because CIL-260 contained a higher
content of hemicellulose (19.1%) compared to those of HL-260 (11.9%) and PA-260 (17.9%).
The results described above demonstrate that solid char with high hydrophobicity could be

obtained through subcritical water treatment.

5.3.5 The SEM topography of the biomasses and solid chars

Scanning electron microscopy (SEM) is a technique that can detect the surface
topography of a sample. We obtained SEM images of the three biomasses and solid chars to
further determine the impact of the subcritical water treatment on the biomasses (Fig. 5-6).
The SEM demonstrated that the subcritical water treatment had a pronounced impact on all of
the solid chars. We observed that the solid chars had pore structures and cracks compared to
their parent biomasses, and the pore structures and cracks became stronger with the increase
in the subcritical water treatment temperature (Fig. 5-6d-1).

The pore structures of CIL-220 and CIL-260 were less pronounced than those of the
other two solid chars obtained under the same conditions, which was probably due to the
higher lignin contents of these fuels. This result indicated that the biomass surface was
damaged after subcritical water treatment, and that this damage was due to the evolution of
volatile materials during subcritical water treatment, because biochar with higher porosity and
various pore structures would be produced by the volatilization of higher volatile materials

[17]. As mentioned above, solid char contains a high carbon content (Table 5-3) and it also
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contains internal pores and cracks. Therefore, the solid chars obtained in the present study
have the potential to be used as carbon feedstock for producing carbon materials such as

activated carbon in addition to being used for burning as a bio-fuel.

Figure 6. SEM images of (a) CL, (b) PA, (c) CIL, (d) CL-220, (e) PA-220,
(f) CIL-220, (g) CL-260, (h) PA-260 and (i) CIL-260.

5.4 Conclusions

We conducted the subcritical water treatment of HL, PA and CIL at various temperatures
for 10 min, and we found that the solid char from CIL showed the highest yield. The mass
loss of biomass after subcritical water treatment was due to the significant decomposition of
cellulose and hemicellulose. The biomass species and its component weight ratio affected the
reactivity of cellulose and hemicellulose. The carbon content of each biomass was largely
increased after subcritical water treatment. The HHV as well as atomic H/C and O/C ratios
were also significantly elevated. The HHVs, H/C and O/C values of HL-260, PA-260 and
CIL-260 were similar to those of German Braunkohole lignite, indicating that these solid
chars could be co-combusted with German Braunkohole lignite. CIL-260 had the lowest HHV
among the three solid chars obtained under the same conditions, but it had the highest energy
yield. The hydrophobicity of the solid char was reduced with the increase in the subcritical
water treatment temperature. CIL-260 was much more hydrophobic than HL-260 and PA-260

because of its higher hemicellulose content. Pores and cracks were observed on the solid

81



surface and they became stronger at higher temperature. This result indicated that subcritical
water treatment could completely destroy the biomass surface. We proposed that the obtained
solid char has the potential to be used as a source of carbon materials such as activated carbon

in addition to use as a bio-fuel.
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Chapter 6

Conclusions

In conclusion, the degradation mechanism of cellulose as a model of biomass and
applications of solid char remained after subcritical water treatment of biomass were
considered in the present study. The relationships between degradation mechanism and
structure change of microcrystalline cellulose were investigated, and the solid char was
employed to prepare biodegradable materials that had the potential to use as alternate plastic

products.

The degradation kinetic parameters and structure changes of microcrystalline cellulose
(MCC), which served as fundamental researches for degradation of biomass in subcritical
water, were investigated at the temperature range from 100 °C to 300 °C. The yield of MCC
residue began to decrease at 205 °C and reached to the lowest value at 275 °C. However, it
showed an increase at the temperature higher than 275 °C. The degradation area of MCC
(205 °C~275 °C) was separated into zone 1 and zone 2 with 245 °C as a boundary. The
activation energy (E), pre-exponential factor (4) and reaction order (n) of MCC in each zone
were 226.5 kJ mol, 2.3x10% s and 0.6 (zone 1) and 423.1 kJ mol, 9.0x10* s'and 0.5
(zone 2), respectively. There showed a breaking point of 245 °C for the Arrhenius plot in the
reaction area. The surface morphology of MCC residue had no significant change below
260 °C, as indicated by SEM images. However, it was completely destroyed at the
temperature above 275 °C and MCC residues with strong pore structures were obtained at
higher temperature. The structures of crystalline region of MCC residue below 275 °C had no
significant change although 89.2% of MCC was degraded at 275 °C. However, they nearly
disappeared at higher temperature with the steeply reducing of crystallinity index of MCC at
the same time. As for the degradation mechanism of MCC, it was proposed that only the
surface of MCC was degraded at 205 °C ~245 °C and the hydrogen and glycosidic bonds on
the interior of MCC fibrils destroyed at the temperature range from 245 °C to 275 °C; finally,
the remained MCC as well as generated oligomer and monomer were further degraded at

higher temperature.

The solid char, obtaining at subcritical water treatment of walnut shell at 200 °C for 15

min was used to prepare biodegradable foam by compounding with corn starch using a
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technique similar to compression molding. It was found that replacing 20% of the corn starch
by the residue had no deleterious effects on the density and morphology, as indicated by
scanning electron microscopy. The prepared foams had a dense outer skin and a less dense
interior with large, mostly open cells. The flexural strains were similar to that of foamed
polystyrene and the flexural modulus and flexural stresses were larger. The prepared

biodegradable foam was a promising material to take place of plastic products in the further.

Woody thin boards could be prepared from lignin, cellulose, and water, by a
compression molding at 180 °C and 25 MPa for 10 min. The boards with higher contact
angles gave lower values of relative permittivity on their surface. The attenuated-total
reflection Fourier transfer infrared spectroscopy suggested that more lignin existed on the
surface of boards with the high contact angle, which was also supported by a scanning
electron microscopy and an atomic force microscopy. It was therefore revealed that the
orientation of lignin at the surface resulted in an increased hydrophobicity of surface and

contributed to the improvement of water repellency.

The fuel properties of obtained solid chars were characterized. It was found that the
lignin made the main contribution to the solid char yield. The reactivity of cellulose and
hemicellulose in biomass was related to the biomass species and the component weight ratio
of biomass. Subcritical water treatment could efficiently elevate the fuel properties such as
carbon content, atomic H/C and O/C ratios, higher heating value (HHV) and hydrophobicity
of three kinds of biomasses. The HHVs of solid chars prepared at 260 °C could be
comparable with those of commercial coals like Northumerland No.81/2 Sem. Anth. Coal,
Jhanjra Bonbahal Seam Coal-R-VII and German Braunkohole lignite. Meanwhile, they could
be co—combustion with German Braunkohole lignite without significant change of
combustion properties of German Braunkohole lignite because of their similar atomic H/C
and O/C ratios as well as HHVs. subcritical water treatment could completely destroy the
biomass surface and make the numerous pores and cracks on the solid chars surface. This
indicated that the solid chars had the potential to use as carbon materials like activated carbon

while not only used as a bio-fuel.

The results obtained in the present work should provide a theoretic support to determine
the optimum conditions for subcritical water liquefaction of biomass to gain liquid products
or solid char, and stimulate the novel applications of solid char as well as effective utilization

of all the products obtained from subcritical water liquefaction of biomass.
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APPENDIX-1
Extraction of reducing sugar with anti-oxidative scavenger
from peels of Carya cathayensis Sarg: Use of subcritical

water

1.1 Introduction

Biomass is the largest and promising renewable energy source and has the advantages on
both low sulphur content and carbon dioxide capture capability. In particular, wood biomass
has therefore been utilized for its conversion to biofuel [1]. It has been reported that biofuels
could be extracted from peels, juice, fruit and seed, together with a variety of natural
compounds with radical scavenging activity [2]. The extraction of biofuel from wood biomass
would therefore be a promising method, because the biofuels from peels might show the
anti-oxidation of materials.

In China, Carya cathayensis Sarg is used as food. Meanwhile, an annual 7000 ton of
peels of Carya cathayensis Sarg (PCCS) is generated without any treatment. To treat PCCS as
wood biomass has been expected to obtain biofuels.

Subcritical water is one of the possible media to treat the biomass in a green and
environmentally friendly manner [3]. Subcritical water is water that maintains its liquid state
under pressurized conditions in the temperature range of 100 to 374 °C. Subcritical water has
unique characteristics, such as a low relative dielectric constant [4-6] and a high ion product
[7], which is advantageous for the extraction of compounds that are a resource of biofuels.
Actually, it has been demonstrated that the treatment of biomass by subcritical water could
yield reducing sugar that can be converted to a biofuel [8]. In addition, the treatment of wood
biomass by subcritical water favors the yield of natural compounds with anti-oxidant activity;
i.e., phenol derivatives, furfural, and 5-hydroxymethylfurfural [3, 9]. Therefore, it is
considered that treatment of PCCS by subcritical water is a possible method to obtain a
biofuel that is resistant to oxidation.

In this study, we treated PCCS by subcritical water. We investigated the optimal
condition to acquire the reducing sugar involving the compounds with radical scavenging

activity.
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1.2 Materials and Methods

1.2.1 Materials

The PCCS were produced in Lin’an, China. D-glucose, phenol, Folin-Ciocalteu phenol
reagent, bovine serum albumin (BSA, molecular weight 66000), and
1,1-diphenyl-2-picrylhydrazyl (DPPH) were purchased from Wako Pure Chemical Industries,

Ltd., Osaka Japan. The other chemicals were of analytical grade.

1.2.2 Preparation of powdered PCCS

PCCS was used as raw material in all the experiments. We analyzed the content of PCCS
and the contents of cellulose, hemicelluloses, lignin, and others (such as proteins and
decomposed compounds) included in PCCS were 13%, 22%, 56%, and 9%, respectively.
PCCS were milled and screened with a diameter under 0.3 mm using a milling machine
(WB-1; Osaka Chemical Corporation, Osaka, Japan) and the powder was dried at 105 °C for

24 h before the experiment.

1.2.3 Subcritical water treatment of PCCS

The 10 mL in volume of the powdered PCCS and distilled water were loaded into the
batch reactor cell. This batch reactor cell was placed in an oil bath, to elevate the temperature
to 130 to 280 °C. The pressure in the reactor cell was approximately 8 MPa. The treatment
time was 0 to 240 min. After the treatment, the extract obtained from PCCS was separated

from the residues by filtration. These procedures are shown in Fig. 1.

Milling (2.2)

Powdered
peanuts

Subcritical water | 130-280°C
treatment 0-240 min

(2.3)
Filtration Ex. 190 oc/

‘ 60 min

] =y

Q?esidues) <Extracts> """""" !

| |
Reducingsugar Protein Radical scavenging
Phenol-H,SO, || Lowry-Folin activity

method (2.4) || method (2.5) DPPH-assay (2.6)

Figure 1. Flowchart of extracts from peels of Carya cathayensis Sarg.
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1.2.4 Measurement of reduced sugar

The reducing sugar obtained was measured by using a phenol-H,SO,4 method [10]. In
short, 1 mL of a diluted sample was mixed with 25 L of 80% phenol solution. Thereafter, this
mixture was vigorously mixed with 2.5 mL of H,SOj4 solution and incubated for 30 min. The
absorbance of the mixture was measured at 485 nm by using a UV-Vis spectrophotometer
(Hitachi U-2000; Hitachi, Tokyo, Japan). Instead of a sample, the absorbance of D-glucose
solution was measured in the same manner to acquire the calibration line of concentration of
D-glucose, and its absorbance at 485 nm. By using the calibration line, the obtained

absorbance of samples was converted to the concentration of reducing sugar.

1.2.5 Measurement of protein

The concentration of protein included in extracts obtained from PCCS was estimated by
the Lowry-Folin method. First, 0.1 mol/L of NaOH (0.4 g) was added to 100 mL of 2 w/v%
NayCOs solution (solution I). Citric acid (0.1 g) was added to 10 mL of 0.5 w/v% CuSOQO4
5H,0 solution (solution II). The 100 mL of solution I was thereafter mixed with 2 mL of
solution II (solution III). Solution IV was prepared by mixing 10 mL distilled water with 10
mL Folin-phenol reagent. Next, 0.6 mL of samples or BSA solution was mixed with 3.0 mL
of solution III to incubate for 10 min. The 0.3 mL of solution IV was thereafter mixed with
them to incubate for 30 min and its absorbance was measured at 750 nm by using a UV-Vis
spectrophotometer (Hitachi U-2000). The protein concentration of the sample was estimated,

by converting its absorbance at 750 nm based on the calibration line obtained from BSA.

1.2.6 Measurement of scavenger activity

The radical scavenging activity was determined by using DPPH, according to the method
in [11]. In short, 80 L of extract was added with 320 L distilled water and 2 mL of 0.12 mM
DPPH in methanol. The mixtures were then mixed vigorously and al- lowed to stand at room
temperature in the dark for 30 minutes. The absorbance of the sample mixture was then
measured at 517 nm, using the UV-Vis spectrophotometer (Hitachi U-2000). The control
sample was prepared in the same manner as the preparation of sample mixtures, except that
deionized water was used instead of the samples. The blank sample was handled in the same
manner, but deionized water was used instead of DPPH solution. The percentage of DPPH
radical scavenging activity was defined as:

1 — 100 Aptank/ Asample (%)

where Ablank and Asample stands for the absorbance of blank and samples, respectively.
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1.3 Results and Discussion

1.3.1 Absorption characteristic of extract

In the first series of experiments, we spectrophotometrically investigated the extract. The
absorption spectrum for extracts was measured to investigate which compounds were
involved. The absorption was observed in the wavelength range between 200 and 240 (Fig. 2),
which resulted from the 1 — =w* transition of benzene derivatives in the extract [12]. The
broad absorption observed in the range between 300 and 400 nm was considered to result
from the presence of carbonyl or aldehyde derivative [13]. Those results suggested that the
extract included the com- pounds with benzene ring, carbonyl or aldehyde.

It is therefore considered that PCCS might include reducing sugars, proteins, and
compounds with scavenging activity, together with cellulose/hemicelluloses/lignin. In the
following section, we quantified the amounts of those compounds extracted during the

treatment of subcritical water.
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Figure 2. Absorption spectrum for extracts from

peels of Carya cathayensis Sarg by subcritical water.

1.3.2 Extraction of reducing sugar, protein and compounds with scavenging
activity from PCCS

Of sugars obtained from biomass, glucose is one of the major monosaccharides to be
converted to bioethanol. Glucose that is an aldose shows reducing activity. The reducing
sugar from PCCS was then measured by using a phenol-H,SO,4 method advantageous for the

detection of reducing sugar under a variety of temperature conditions.
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As shown in Fig. 3(a), no extraction of reducing sugar was observed at 25 °C. Overall,
more than 0.1 g/g-sample of reducing sugar could be obtained in temperature conditions
other than 25 °C. Previously, a small amount of carbohydrates (0.02 g/g-sample [14]) was
obtained by hot water for 30 min. It was considered that the treatment by subcritical water
was more efficient in extracting the reducing sugar than the ordinary hot water. In the
temperature range between 130 °C and 170 °C, the extraction of reducing sugar was observed
in the manner of first order kinetic. Meanwhile, maximal value of extracted reducing 0.4
sugar was observed at the temperature condition of more than 190 °C in Fig. 3(a) and (b). In
our series of studies, polysaccharides were favored to be decomposed to monosaccharides
under the subcritical water [15], and further decomposition of monosaccharides, such as
aldose and ketose, yields furfural or 5-hydroxymethylfurfural [1], which would result in the
intermediate-like production behavior of reducing sugar in the temperature range of more than
190 °C.
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Figure 3. Extraction of reduced sugar from

peels of Carya cathayensis Sarg by subcritical water.

Alternatively, the extraction of protein from PCCS was monitored under various
temperature conditions. Overall, the time- course of extracted protein was similar to the
reducing sugar, as shown in Fig. 4(a) and (b). Meanwhile, the extracted amounts of proteins
increased with elevated temperature. A small amount of protein was extracted from PCCS at
25 °C. Such extraction behavior was often observed in other fruit and leaves [14]. This is

because part of the proteins might be dispersed on the powdered peels.
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To estimate the scavenging activity involved in the extraction from PCCS, the
DPPH-assay was examined. The time-course of radical scavenging activity in Fig. 5(a) and
(b) was similar to those of proteins in Fig. 4(a) and (b). In the high temperature range 12
(more than 200°C), the radical scavenging activity was increased. Such rough correspondence
between protein and DPPH-assay is consistent with the previous finding that the proteins

showed anti-oxidative activity [10].
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Figure 4. Extraction of protein from peels of

Carya cathayensis Sarg by subcritical water.
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Figure 5. Extraction of compounds with radical scavenging activity

from peels of Carya cathayensis Sarg by subcritical water.
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1.3.3 Optimization of reducing sugar extracts with radical scavenging
activity

To determine the optimal condition for extraction of reducing sugar including
compounds with radical scavenging activity, the concentration of reducing sugar was plotted
against the corresponding radical scavenging activity. A bell-typed curve was observed, as
shown in Fig. 6. At the lower temperature range, both reducing sugar and scavenging activity
were small. At 190°C, the maximum value of reducing sugar (0.24 mg/mg-sample) was
observed at 9.7 units/mg-sample of radical scavenging activity.

With elevated temperature up to 280°C, the concentration of reducing sugar was reduced,
whereas the corresponding radical scavenging activity increased. This indicated the instability
of reducing sugar under high temperatures, relative to the compound with radical scavenging
activity.

We estimated the potential conversion of obtained extracts to bioethanol. In general, 2
mol of bioethanol can be obtained from 1 mol of glucose. The production of 1 L in volume
for 15% bioethanol requires 1.29 mol (232.4 g) of glucose. It is therefore considered that 100
g of samples including 0.24 g/g-sample of reducing sugar would yield 1 L of bioethanol. This

estimation implies that the present method might be considerably effective for acquiring the

bioethanol.
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Figure 6. Relationship between the concentration of reducing sugar

and the corresponding scavenger activity.
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1.3.4 Implications of compounds with scavenging activity

To clarify the radical scavenging activity of extracts, we contrasted them with the
corresponding protein concentration. It was found from Fig. 7 that the radical scavenging
activity discontinuously increased with increase in the protein concentration. This
discontinuously increasing trend was observed between two temperature ranges: 130 to
190 °C and 200 to 280 °C.

In temperature range (130 °C~190 °C), the possible correlated line could be extrapolated
into zero protein concentration suggesting that the radical scavenging activity might result
from extracted proteins themselves. In contrast to the range (130 °C~190 °C), it was
considered that the correlation in the high temperature range (200 °C~280 °C) related to
aromatic amino acids rather than proteins, because proteins are decomposed into amino acids
under high temperatures [10]. According to the principle of the Lowry method (that quantifies
the aromatic amino acids), the decomposition of proteins should increase the apparent protein
concentration, which might be a possible reason for the discontinuous increase observed in
Fig. 7. Besides, the extracted carbohydrates, such as glucose and fructose, yield the phenol
derivatives, furfural, or 5-hydroxylmethylfurfural [3, 9, 16]. These compounds have been
reported to show anti-oxidative activity [3, 9]. The decomposition of carbohydrates might
contribute to the increase in scavenging activity in the high temperature range
(200 °C~280 °C). Thus, the discontinuous correlation against the temperature might result

from the contribution of compounds other than proteins.
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Figure 7. Relationship between the scavenger activity of extracts

and the corresponding protein concentration
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1.4 Conclusions

The reducing sugar and protein were extracted above 130 °C, whereas they were not
extracted at 25 °C. The optimal condition for the treatment of PCCS (190 °C for 60 min)
could yield 0.24 g/g-sample of reducing sugar and 9.7 units/mg-sample of radical scavenging
activity. It was roughly estimated that 100 g of extracts obtained under optimal condition

could be converted to 1 L of 15% bioethanol.
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APPENDIX-2
Characterization of hydrochar  prepared from
hydrothermal carbonization of peels of Carya cathayensis

sarg

2.1 Introduction

Biomass is an important and abundant resource in the world; the annual production was
8 times to the total annual world fossil energy consumption [1]. The advantages of low sulfur
content, carbon dioxide capture capability and regenerable ability make biomass become a
promising biofuel for taking place of fossil fuel in the future. However, most of biomass was
directly combusted as a fuel in the past decades. The high moisture content, hygroscopic
feather, low energy value, high volatile content and high oxygen content make biomass define
as a low-grade fuel. Therefore, it is necessary to improve the fuel value of biomass. There are
many methods to improve fuel value of biomass, one of them is convert biomass to biochar
because biochar presents many advantages compare with biomass feedstock such as high
carbon content, high energy density, recalcitrant nature and its ability to lower emission of
greenhouse gases [2-4].

In recent years, conversion of biomass to biochar (hydrochar) by hydrothermal
carbonization method using subcritical water has become a popular topic, because
hydrothermal carbonization method gives some advantages comparing with other biochar
preparation method: 1) hydrothermal carbonization employs relatively lower temperatures
(150~350 °C), 2) the biomass does not need a pre-dried process which cost more, 3) the gases
generated during hydrothermal carbonization process could dissolve in water and it makes no
further pollution to the air, 4) water in a reactor could dilute the acidic property of bio-oil
generated during hydrochar produce process and thus decrease the corrosion to the equipment
[2, 5]. Most researchers have focused on preparing hydrochar using pure subcritical water and
there was no research about preparing hydrochar by organic solvent-modified subcritical
water, where the relative dielectric constant could be changed by addition of organic solvent
[2, 6, 7]. It was known that the liquefaction of lignocellulose biomass with methanol- or
acetone-modified subcritical water could be significantly changed when compared with that

of sole solvent [8]. Additionally, the critical value could be reduced when water was mixed
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with acetone or ethanol whose critical value was lower than that of water and the organic
solvent could be recycled.

Therefore, in this study, organic solvent (acetone and ethanol)-modified subcritical water
was used to hydrothermal carbonation of peels of Carya cathayensis sarg (PCCS) in order to
investigate the effect of dielectric constant on the properties of prepared hydrochar. The
prepared hydrochar would be used as a solid fuel or composed with liquid fuels to make

slurry fuels.

2.2 Materials and Methods

2.2.1 Materials

PCCS, which used as a raw material in all the experiment, were produced in Lin’an,
China. The cellulose, hemicellulose, lignin and ash contents of PCCS were 13.1%, 22.3%,
56.2% and 5.1% respectively. PCCS were milled using a milling machine (WB-1 Osaka
Chemical Corporation, Osaka, Japan) and then screened the powder with the diameter under
0.3 mm. The powder was dried at 105 °C for 24 h before experiment. Ethanol and acetone

were purchased from Wako Pure Chemical Industries (Osaka, Japan).

2.2.2 Biochar preparation

Hydrothermal carbonization of PCCS was performed in a batch reactor (Taiatsu
Technology Corporation, Osaka, Japan), which was made from SUS316 stainless steel with
the volume of 10 mL. On each experiment, 200 mg of the powder was mixed with 8§ mL of
ultrapure water or water-organic solvent in the volume ratio from 0 to 100% at ambient
temperature. Afterward, the mixture was transferred to the batch reactor and the reactor was
tightly closed. The reactor was set in a ceramic furnace (ARF-40K, Asahi-Rika, Chiba, Japan)
with a temperature controller (TXN-700, AS ONE, Osaka, Japan). Hydrothermal
carbonization was carried out at 280 to 360 °C at various organic solvent volume ratios for 15
min and at 280 °C and 360 °C for 15 to 45 min. It took 14 to 21 min to make the temperature
inside the reactor reach to the desired temperature. In order to stop the reaction rapidly, the
reactor was immersed into an ice bath as soon as the reaction time elapsed. The mixture in the
reactor was then filtered using a G-4 glass filter (Vidtec, Fukuoka, Japan). The hydrochar
(remained solid) was dried at 110 °C until the weight reached to a constant value. Each

experiment was conducted for three times.
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2.2.3 Element analysis

The carbon, hydrogen and nitrogen contents of the hydrochar were measured using a
PerkinElmer 240011 elemental analyzer (Kanagawa, Japan). The ash content was evaluated by
burning the PCCS at 550 °C for 4 h. It was assumed that all of the ash was remained in
hydrochar during the hydrothermal carbonization process. Therefore, the ash content could be

calculated for each hydrochar from overall mass yield.

2.2.4 Calorific value determination

The higher heating value (HHV) of hydrochar was calculated by a partial least squares
regression (PLS) method provided by Friedl ef al. [9]. The equation was as follows:

HHV (PLS) = 5.22C*—319C — 1647H + 38.6CH + 133N + 21028 (1)
where C = carbon, H = hydrogen and N = nitrogen content expressed on a dry ash-free mass

percentage.

2.2.5 Thermogravimetric analysis (TGA)

The thermogravimetric analysis was carried out by a thermogravimetry (TG-60A,
Shimadzu, Kyoto, Japan). A platinum crucible loaded with 5 to 7 mg of hydrochar was first
heated to 105 °C from the room temperature at the heating rate of 20 °C /min and held for 10
min in order to remove the moisture, then continuously heated to 600 °C. N, was used as

carrier gas with the flow rate of 100 mL/min.

2.2.6 Functional groups on biochar
The functional groups on the hydrochar were analyzed by a Jasco 4100 Fourier

transform infrared spectroscopy (FTIR, Jasco, Tokyo, Japan).

2.3 Results and Discussions

2.3.1 Effect of hydrothermal carbonization temperature on hydrochar yield

The effect of hydrothermal carbonization temperature and treatment time on hydrochar
yield is shown in Fig. 1. The hydrochar yield was 44.9% at 280 °C for 15 min and it decreased
to 27.9% when the temperature increased to 360 °C (Fig. 1a). The hydrothermal carbonization
temperature had more effect on hydrochar yield than that of treatment time (Fig. 1b). The
decrease of hydrochar yield at higher temperature was due to the continuously decomposition
of cellulose and a portion of lignin, because hemicellulose was almost volatilized and

carbonized below 250 °C and volatilization of cellulose became faster at the temperature
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higher than 250 °C [10-12]. The reduction of hydrochar yield at longer treatment time was

probably due to the decomposition of less reactive components of cellulose and a portion of

lignin.
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Figure 1. The yield of hydrochar from hydrothermal carbonization of PCCS prepared (a) at

various treatment temperatures for 15 min and (b) at (<) 280 °C and (0) 360 °C for various

treatment times
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Fig. 2 Effect of (a) ethanol and (b) acetone volume concentration on hydrochar yield at (<)

280 °C, (o) 320 °C and (A) 360 °C for the treatment of 15 min.

2.3.2 Effect of organic solvent volume ratio on hydrochar yield

The critical values of organic solvent-water mixture were obtained by linear fitting of the
data obtained from Yuan et al. and Bicker ef al. and the critical values are shown on Table 1
[13, 14].

Figure 2 shows the effect of ethanol and acetone volume ratios on hydrochar yield at 280,
320 and 360 °C. The hydrochar yield decreased with increasing of ethanol volume ratio from
0 to 50% and then increased at the volume ratio from 75 to 100% (Fig. 2a). The variation
tendency of hydrochar yield was coincident with that of sub-and supercritical liquefaction of
rice straw in the presence of ethanol- or 2-propanol-water mixture and the hydrogen-donor
solvent (ethanol) probably responded for this phenomenon [13]. However, the hydrochars

obtained at the ethanol volume ratio from 75 to 100% were lower than that at 0% and it was
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different with that of rice straw. When the experiment was carried out with acetone, the
hydrochar yield formation was slight decreased when the acetone volume ratio increased from
0 to 75% and then promoted (Fig. 2b).

Judging from all the results, a synergistic effect of water-acetone or water-ethanol for
hydrothermal carbonization was observed: the liquefaction rate with acetone-water or
ethanol-water mixture was larger than that of water or acetone or ethanol only. Therefore, it
was considered that addition of organic solvent could promote both hydrolysis and pyrolysis
reaction during the hydrothermal carbonation process. It was known that the liquid phase
(bio-oil) after hydrothermal carbonization would be a good source for producing liquid fuel or
hydrogen [15, 16]. Therefore, although lower hydrochar yield was obtained when using
acetone-water or ethanol-water mixture, higher bio-oil yield could be obtained. Besides, it
cost less energy during evaporation of organic solvent containing liquid phase to obtain
bio-oil than that of containing water only, because acetone and ethanol have lower boiling
point than water. Additionally, the evaporated acetone or ethanol could be reused and it made
no further pollution. The research about producing of bio-oil by subcritical liquefaction of

biomass will be investigated in the future.

Table 1 The critical value (T, Tp) of the used solvents

Ethanol-water Acetone-water
Volume ratio (%)
T, (°C) T, (MPa) T.(°C) T, (MPa)
0 374.00 22.10 374.00 22.10
25 342.13 17.65 339.08 17.73
50 313.72 11.67 304.15 13.36
75 278.40 8.74 269.23 8.99
100 243.00 6.30 235.00 4.60

2.3.3 Elemental analysis of hydrochar

Figure 3 shows the influence of various hydrothermal carbonization conditions on the
elemental contents of hydrochar at ash-free basis. The carbon, hydrogen, nitrogen and oxygen
contents of original PCCS were 51.5%, 4.8%, 0.9% and 42.8%, respectively. The carbon

content of hydrochar was concentrated from 51.5% to 84.8% with increasing of hydrothermal
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carbonization temperature, alone with significant decreasing of oxygen content. However, the
hydrogen and nitrogen contents were nearly the same. Meanwhile, the ash content was
increased when the hydrothermal carbonization temperature increased (Fig. 3a). These results
were due to the dehydration, decarbonation and demethanation during the hydrothermal
carbonization process. The spectra peak of FT-IR, which would be discussed later, also
demonstrated that the aforementioned reactions occurred during hydrothermal carbonization
process. Additionally, the dehydration was more drastic than decarbonation and
demethanation during hydrothermal carbonization (Fig. 4).

The carbon content was also increased when PCCS were treated at longer time at 280
and 360 °C, respectively. The oxygen content was even decreased to as low as 1.31% at
360 °C for 45 min (Fig. 3b). The low oxygen content was due to the decomposition of
hemicellulose and cellulose, which contained high oxygen content at that treatment
temperature. This result was in accordance with the low hydrochar yield, which was due to
the decomposition of hemicellulose and cellulose during subcritical water treatment at 360 °C
(Fig. 1b).

The carbon, hydrogen, oxygen, or nitrogen content should be changed with hydrochar
yield. However, the carbon, oxygen, nitrogen and ash contents of hydrocahrs were almost the
same and only the hydrogen content was changed with hydrochar yield when PCCS treated
with acetone- and ethanol-modified subcritical water (Fig. 3c, 3d). Therefore, we considered
that polymerization reaction or other reactions had been occurred between acetone/ethanol
and cellulose or lignin in the hydrochar and these reactions supplemented the qualities of
carbon and oxygen lost during hydrothermal carbonization. The results described above
suggested that acetone- and ethanol-modified subcritical water could effectively stabilize the
carbon, oxygen and hydrogen contents in hydrochar.

The H/C and O/C values were one of the important properties for characterization of
solid fuels. Therefore, the H/C and O/C values of hydrochars prepared at various conditions
as well as coal band on the van Krevelen diagram are shown in Fig. 4. The O/C and H/C
values significantly decreased after hydrothermal carbonization. It was due to the dehydration,
decarbonation and demethanation reactions during hydrothermal carbonization process. The
H/C and O/C values of all the hydrochars could be compatible with those of subbituminous
and lignite coal except the ash content. The H/C and O/C values of hydrochars obtained at
360 °C for various treatment times could even be compatible with that of bituminous coal.
These results suggested that hydrothermal carbonization process using subcritical water
would be an effective method to lower H/C and O/C values of hydrochar, which intended to

use as a fuel.
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2.3.4 Caloric value of biochar

HHYV is another important property to evaluate solid fuels and the HHVs of hydrochars
were calculated from the element contents of carbon, hydrogen and nitrogen on dry ash-free
basis. The HHV of hydrochar increased from 30.8 to 40.2 MJ/kg with the temperature
increasing from 280 to 360 °C. It was an increase of 52.4% to 127.6% compared to the
original PCCS (20.2 MJ/kg) (Fig. 5a). The HHV was continuously elevated at the longer
treatment time on 280 and 360 °C, respectively (Fig. 5b). The HHVs of hydrochars were
much higher than those of methanol (22.7 MJ/kg) and pyrolytic oil (24.7 MJ/kg) and they
could also be compatible with those of lignite char (31.3 MJ/kg) and charcoal (34.4 MJ/kg),
additionally, the HHVs of hydrochars prepared at 360 °C could even be compatible with those
of diesel oil (45.7 MJ/kg) and heavy fuel oil (42.9 MJ/kg) [17].

The HHVs of hydrochars obtained from acetone- and ethanol-modified subcritical water
carbonization at 320 °C were almost the same although acetone- and ethanol-water mixture
accelerated the liquefaction rate of PCCS (Fig. 5c).

The results aforementioned suggested that hydrothermal carbonization of biomass would

be an effective method to get energy-dense hydrochars from biomass.
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2.3.5 Thermogravimetric analysis

Thermogravimetric analysis of hydrochars prepared at various conditions is shown in
Fig. 6. The weight loss mainly occurred at the temperatures between 200 °C and 500 °C. The
thermal stability was promoted with the increasing of hydrothermal carbonization temperature
(Fig. 6a). Higher ash and lower volatile matter content probably responded the thermal
stability of hydrochars. The thermal stabilities of hydrochars obtained at the ethanol volume
ratio from 0 to 75% were more stable than that prepared at 100% (Fig. 6b). However, the
thermal stability of hydrochars prepared by acetone-modified subcritical water had no
regulation. The thermal stability of hydrochars did not change a lot at the acetone
concentration of 0%, 25% and 75%, but it was decrease at the concentration of 50% and 100%
(Fig. 6¢).

From all the results described above, it was found that hydrochar with high thermal
stability could be obtained by hydrothermal carbonization method.
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Figure 6. TGA curves of hydrochars prepared at (a) various hydrothermal carbonization

temperatures and various (b) acetone and (c) ethanol volume ratios at 320 °C. A (E) 50% =

Acetone (ethanol) volume ratio of 50%

2.3.5 Functional groups on biochar

The FT-IR spectra of hydrochar prepared at various conditions are shown in Fig. 7.

Figure 7a shows the effect of temperature on the functional groups of hydrochar. The spectra
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peak of C-O linkage at the wave range from 1120 to 1050 cm™ disappeared compared to the
original PCCS. It indicated that the ether bond in hemicellulose and cellulose and the
methoxy group in lignin that are easy to break in hydrothermal process were fractured during
subcritical water treatment [2]. The benzene peak, which were typically around 1600, 1510
and 1440 cm™ had no significant change. This result supposed that the lignin derived aromatic
structure was very stable even the temperature reached to 360 °C. The phenolic OH peak at
1330 cm™ was decreased or disappeared during the subcritical water treatment and the
B-anomers or f-linked glucose polymers peak absorbed at around 893 cm™ disappeared with
the increasing of treatment temperature.

The phenomenon was in accordance with those described above when PCCS were treated
by acetone- or ethanol-modified subcritical water except the peak at 893 cm™ (Fig. 7b). The
B-anomers or f-linked glucose polymers peak at 893 cm™ was shifted to around 873 cm™ after

treatment.
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Figure 7. FT-IR spectra of hydrochar prepared on (a) different temperature and (b) various

organic solvent volume ratios at 320 °C. A(E) 50% = Acetone (ethanol ) volume ratio of 50%.

2.4 Conclusion
Hydrothermal carbonization of PCCS by subcritical water or acetone- or
ethanol-modified subcritical water at various treatment temperatures and times were carried

out in this study and coal-like hydrochars were obtained. The hydrochar yield decreased with
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increasing of treatment temperature, but hydrochar with higher carbon content, higher HHV,
lower volatile matter content, lower oxygen content and O-containing functional groups was
obtained at the same time. The carbon content and HHV of hydrochar were among
72.3%-92.6% and 30-46MJ/kg, respectively. The HHVs of hydrochars were much higher than
those of methanol and pyrolytic oil and they could be compatible with those of lignite char
and charcoal. These results indicated that hydrothermal carbonization could be an effective
process to produce higher carbon content and higher energy-density hydrochar. The O/C and
H/C values of hydrochars could be compatible with those of lignite and subbituminous.
Especially the O/C and H/C values of hydrochars prepared at 360 °C were similar to that of
bituminous except the ash content. When treated with acetone- or ethanol-modified subcritical
water, a synergistic effect of acetone-water or ethanol-water for hydrothermal carbonization
was observed: the liquefaction rate with acetone-water or ethanol-water mixture was larger
than that of water or acetone or ethanol only. Although lower hydrochar yield was obtained
when using acetone-water or ethanol-water mixture, more bio-oil, which was good source for
producing liquid fuel or hydrogen, could be obtained at the same time. Acetone- or
ethanol-modified subcritical water could effectively stabilize the carbon and oxygen contents

in hydrochar.

References

[1] Xu, C. B.; Lad, N., Production of heavy oil with high caloric value by direct liquefaction
of woody biomass in sub/near-critical water. Energy Fuels 2008, 22, 635-642.

[2] Kang, S. M.; Li, X. G.; Juan, F.; Jie, C., Characterization of hydrochars produced by
hydrothermal carbonization of lignin, cellulose, d-xylose, and wood meal. Ind. Eng. Chem.
Res. 2012, 51,9023-9031.

[3] Vaccari, F. P.; Baronti, S.; Lugato, E.; Genesio, L.; Castaldi, S.; Fornasier, F.; Miglietta,
F., Biochar as a strategy to sequester carbon and increase yield in durum wheat. Eur. J. Agron.
2011, 34,231-238.

[4] Lehmann, J.; Gaunt, J.; Rondon, M., Bio-char sequestration in terrestrial ecosystems: A
review. Mitig. Adapt. Strategies Glob. Change 2006, 11, 403-427.

[5] Xue, Y. W.; Gao, B.; Yao, Y.; Inyang, M.; Zhang, M.; Zimmerman, A. R., Hydrogen
peroxide modification enhances the ability of biochar (hydrochar) produced from
hydrothermal carbonization of peanut hull to remove aqueous heavy metals: Batch and
column tests. Chem. Eng. J. 2012, 200, 673-680.

[6] Sun, K.; Ro, K.; Guo, M. X.; Novak, J.; Mashayekhi, H.; Xing, B. S., Sorption of
bisphenol A, 17a-ethinyl estradiol and phenanthrene on thermally and hydrothermally

108



produced biochars. Bioresource Technol. 2011, 102, 5757-5763.

[7] Liu, Z.; Zhang, F., Removal of lead from water using biochars prepared from
hydrothermal liquefaction of biomass. J. Hazard. Mater. 2009, 167, 933-939.

[8] Yao, Y. G.; Yoshioka, M.; Shiraishi, N., Soluble properties of liquefied biomass prepared
in organic solvents I: The soluble behavior of liquefied biomass in various diluents. Mokuzai
Gakkaishi 1994, 40, 176-184.

[9] Friedl, A.; Padouvas, E.; Rotter, H.; Varmuza, K., Prediction of heating values of biomass
fuel from elemental composition. Anal. Chim. Acta 2005, 544, 191-198.

[10] Ranu, P.; Mizanur Rahman, A. N. M.; Bhattacharya, S. C., Upgrading of biomass by
means of torrefaction. Energy 1990, 15, 1175-1179.

[11] Anuphon, P.; Animesh, D.; Prabir, B., Torrefaction of agriculture residue to enhance
combustible properties. Energy Fuels 2010, 24, 4638-4645.

[12] Mark, J. P.; Krzysztof, J. P.; Frans, J. J. G. J., Torrefaction of wood Part 1: Weight loss
kinetics. J. Anal. Appl. Pyrolysis 2006, 77, 28-34.

[13] Yuan, X. Z.; Li, H.; Zeng, G. M.; Tong, J. Y.; Xie, W., Sub- and supercritical
liquefaction of rice straw in the presence of ethanol-water and 2-propanol-water mixture.
Energy 2007, 32,2081-2088.

[14] Bicker, M.; Hirth, J.; Vogel, H., Dehydration of fructose to 5-hydroxymethylfurfural in
sub- and supercritical acetone. Green Chem. 2003, 52, 80-284.

[15] Huber, G. W.; Cheda, J. N.; Barrett, C. J.; Dumesic, J. A., Production of liquid alkanes
by aqueous processing of biomass derived carbohydrates. Science 2005, 308, 1446-1450.

[16] Valenzuela, M. B.; Jones, C. W.; Agrawal, P. K., Batch aqueous reforming of woody
biomass. Energy Fuels 2006, 20, 1744-1752.

[17] Channiwala, S. A.; Parikh, P. P., A unified correlation for estimating HHV of solid,
liquid and gaseous fuels. Fuel 2002, 81, 1051-1063.

109



APPENDIX-3
Characterization of the residue and liquid products
produced from husks of nuts from Carya cathayensis sarg

by hydrothermal carbonization

3.1 Introduction

Biomass, as an important and abundant renewable resource in the world, is considered to
be a promising energy alternative to fossil fuels in the future because it is more
environment-friendly than fossil fuels in many aspects. Namely, it captures carbon dioxide
though photosynthesis, which can offset the carbon dioxide emitted during combustion of
biomass, and it also emits less sulfur than fossil fuels when it is combusted. However,
biomass is regarded as a low-grade fuel because of its inherent properties such as high
moisture content, high volatile content, low energy density and high oxygen content [1]. It is
necessary to apply pretreatment processes to overcome these drawbacks.

There are several methods to pretreat biomass: fast and slow pyrolysis to obtain bio-oil
and gasification to obtain bio-gases [2, 3]. However, all of these treatments are carried out at
high temperatures and with a carrier gas throughout the process in order to isolate oxygen
and/or carry bio-gases and volatile materials out of the reactor. In addition, all existing
treatments require pre-drying of the biomass in order to improve the quality of the product.

Compared with the methods described above, hydrothermal carbonization using
subcritical water has some advantages [4, 5]. Lower treatment temperatures (180-260 °C) and
the elimination of both a pre-drying step and the need for a carrier gas should make
hydrothermal carbonization a lower-cost treatment option. Additionally, this method can
avoid the noxious air pollution caused by nitrogen and sulfur oxides and corrosion to the
treatment equipment from the acidic properties of the generated products in the liquid phase.
Taken together, hydrothermal carbonization is a promising method for biomass pretreatment.
Up to now, much information could be obtained about hydrothermal carbonization of various
biomasses by subcritical water [6-12]. For example, Yan et al. and Reza et al. pretreated
loblolly pine with hot compressed water to upgrade the fuel properties of loblolly pine [4, 6,
7]. Chen et al. performed hydrothermal carbonization of sugarcane bagasse via wet

torrefaction for biofuel production [5]. In all of the above researches, the fuel properties of
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raw biomass were significantly elevated after hydrothermal carbonization and a solid char
with high energy density and calorific value was obtained. However, to our knowledge, there
has been no report about the influence of pH on the hydrothermal carbonization of biomass, a
key issue since the ion product of subcritical water would be changed with the addition of
acid or alkali. It is known that cellulose and hemicellulose are hydrolyzed/decomposed during
subcritical water hydrothermal liquefaction [13, 14] and that the addition of acid could
accelerate the hydrolysis/decomposition rates, but the effect of pH on hydrothermal
carbonization of biomass is still unclear, given its more complex structure than pure cellulose
and hemicellulose.

In this study, subcritical water was applied to hydrothermal carbonization of husks of
nuts from Carya cathayensis Sarg (HCCS, in other words, HCCS is husks of hickory nuts) as
a model waste biomass. Roughly 7000 tons of this biomass are generated annually in China,
and an effective treatment method for this resource has been anticipated. The purpose of this
research is to upgrade the value of HCCS as a fuel source including carbon content, energy
value and water-resisting property. The effect of pH on hydrothermal carbonization of HCCS
was also investigated in order to determine the optimal conditions for hydrothermal
carbonization of HCCS. Further, the fuel properties of obtained liquid products were

characterized to evaluate their potential for application as resource for bio-fuel production.

3.2 Materials and Methods

3.2.1 Materials

HCCS, as the raw material in all the experiments, came from Lin’an, China. The husks
were milled and screened using a milling machine (WB-1, Osaka Chemical Corp., Osaka,
Japan) to obtain powder with a diameter under 0.3 mm, and the powder was dried at 105 °C
for 24 h before the experiments. The reagents used here were all purchased from Wako Pure

Chemical Industries (Osaka, Japan).

3.2.2 Hydrothermal carbonization of husks of Carya cathayensis Sarg
(HCCS)

Figure 1 shows the flow scheme of HCCS treatment during hydrothermal carbonization.
Hydrothermal carbonization of HCCS was carried out in a batch reactor (Taiatsu Technology
Corp., Osaka, Japan) made from SUS 316 with the volume of 10 mL. A mixture of 200 mg of
HCCS and 8 mL of ultrapure water with a pH of 4.0, 5.9, 7.0, 10.0 or 13.0 (pH was adjusted
by HCI or NaOH; the pH of ultrapure water was 5.9) was loaded into the batch reactor, and
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Figure 1. The flow scheme of HCCS treatment during hydrothermal carbonization.

the reactor was tightly sealed. The reactor was then set in a ceramic furnace (ARF-40K,
Asahi-Rika, Chiba, Japan) with a digital temperature controller (TXN-700, AS ONE, Osaka,
Japan). Hydrothermal carbonization was carried out from 180 to 260 °C with the treatment
time of 10 min at various pHs. The reactor was immersed in an ice bath as soon as the
reaction time elapsed. The mixture was filtered with a G-4 glass filter (Vidtec, Fukuoka,
Japan). The pH of obtained filtrate was measured by a HM-25R pH meter (DKK-TOA Crop.
Tokyo, Japan). The remaining solid (rough residue) was first washed with 20 mL ultrapure

water and then with 20 mL acetone. After that, all of the obtained filtrates were dried at 60 °C
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and the remaining liquid products were designated as water-soluble products (WSP) and
acetone-soluble products (ASP), respectively. The residue was dried at 105 °C to reach a
constant weight. It should be noted that the partition of the sodium ions (in the case of pH 13)
between residue and WSP would be affected by the ion exchange of the sodium ions with the
HCCS and neutralization of generated organic acid by NaOH during hydrothermal
carbonization. Our X-ray fluorescence (XRF) measurement revealed that the residue
contained low amount of sodium ion (less than 0.02 wt%), which was similar to that of raw
HCCS. Therefore, to simplify the calculation, we assumed that these sodium ions were
primarily present in the residue and all the sodium ions from NaOH were remained in the
WSP. We did not consider about the hydroxide ion from NaOH because it might be contained
in all of the hydrothermal carbonization products, including water and other volatile products
that were difficult to calculate. We also assumed that no ash was dissolved in the subcritical
water during hydrothermal carbonization. The yields of the residue, WSP, ASP and total
soluble products were calculated by the following equations:
Yieldresique)(%0) = (mass of dry and ash-free residue) /

(mass of dry and ash-free HCCS)*100% (1)

Yieldwsp)(%) = (mass of WSP) / (mass of dry and ash-free HCCS)x100%  (2)

Yieldasp)(%) = (mass of ASP) / (mass of dry and ash-free HCCS)>x100% 3)

Yieldrotal soluble products)(%0) = Yieldwsp)y + Yieldasp) 4)

3.2.3 Analysis of the HCCS, residue, WSP and ASP

The lignin contents of the HCCS and residue were determined by a 72% sulfuric acid
method, and the holocellulose and cellulose were measured by the method described by T.
Yokoyama et al. [15, 16]. The hemicellulose content was calculated by the weight difference
between holocellulose and cellulose. The weight of each component was calculated by the
following equation:

Component weight = C x weight of the residue (5)
where C is the cellulose, hemicellulose or lignin content in the residue.

The FTIR spectra of WSP and ASP were analyzed by Fourier transform infrared
spectroscopy (Jasco 4100, Jasco, Tokyo, Japan). The spectra were acquired in the range of
4000-1000 cm’".

The C, H and N contents of the residue, WSP and ASP were analyzed using a
PerkinElmer 2400 II elemental analyzer (Kanagawa, Japan). The elemental content of the

residue was further corrected for ash content to give the elemental content of the residue on an
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ash-free basis, and the element content of WSP was corrected for the sodium ion content to
express the element content on a sodium ion-free basis.

The HHVs of the residue, WSP and ASP were determined from their elemental contents
and they were calculated by the equation as follows [17]:

HHV (MJ/kg) = 5.22C* - 319C — 1647H + 38.6CH + 133N + 21028 (6)
where C = carbon, H = hydrogen and N = nitrogen content expressed on mass percentage.

The method to evaluate equilibrium moisture content (EMC) of the HCCS and residue
was as follows: About 100 mg of HCCS or the residue was placed in a plastic dish and then
into a big plastic bottle containing a saturated salt solution at the experimental temperature of
30 °C. Each experiment was performed in triplicate. Potassium acetate, magnesium nitrate
and sodium chloride with relative humidities (RH) of 23%, 53% and 75%, respectively, were
used to control the relative humidity in the plastic bottle. It took 20-30 days for the HCCS and
residue to reach equilibrium. The EMC was calculated by the weight difference before and

after treatment.

3.3 Results and Discussion

3.3.1 Effect of treatment temperature and pH on the yields of residue, WSP
and ASP

Figure 2a and 2b show the effect of hydrothermal carbonization temperature and pH on
the yields of residue, WSP and ASP for the treatment time of 10 min, respectively. The yield
of the residue was drastically reduced with increasing of hydrothermal carbonization
temperatures, and it reached about 48.1% of the initial HCCS when the temperature was
260 °C (Fig. 2a), probably due to the hydrolysis/decomposition of cellulose, hemicellulose
and apportion of lignin. The yield of WSP showed a slight decrease with the increase in the
hydrothermal carbonization temperature and the yield of ASP increased as the hydrothermal
carbonization temperature increased to 260 °C. However, the yield of total soluble products
hardly changed as the temperature increased from 180 to 260 °C, which revealed that the
HCCS hydrolysis/decomposition rate and total soluble products hydrolysis/decomposition
rate reached an equilibrium state in the 180-260 °C temperature range. Therefore, the optimal
temperature for liquefaction of HCCS to obtain total soluble products in the conditions of our
study (e.g., milled input, 10-min treatment time) was 180 °C.

The yields of the residue, WSP and ASP were nearly the same when the pH was
increased from 4.0 to 10.0 at each hydrothermal carbonization temperature. However, the

yields of WSP and ASP, especially the yield of WSP increased when the pH was 13.0,
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Figure 2. Effect of (a) temperature and (b) pH on yields of residue,
WSP and ASP. (n=3). Treatment time: 10 min.

resulting the yield of total soluble products reached to over 80% even at 180 °C. Meanwhile,
the residue yield fell steeply to 20% (Fig. 2b). The similar results were obtained when
evaluation of the effect of pH on the yields of residue, WSP and ASP at the temperatures of
220 and 260 °C (data not shown). These results suggested that higher pH could effectively
liquefy the HCCS during the hydrothermal carbonization process. As reported by Lynam et
al., more cellulose could be reacted with large amounts of acetic acid (concentration: 1.79 M
and 2.31 M), and acetic acid at those concentrations appeared to perform a catalytic role in
hydrothermal carbonization [18]. Likewise, in this study, the weights of cellulose,
hemicellulose and lignin showed no significant changes in the pH range from 4.0 to 10.0 but
were steeply decreased when the pH was 13.0. These phenomena (Table 1), discussed below,
indicate that HCI or NaOH at concentrations of 10™* M (pH 4.0-10.0) are not high enough to
accelerate the hydrolysis/decomposition of cellulose whereas NaOH at 0.1 M (pH 13.0) did
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effectively promote the hydrolysis/decomposition of cellulose in the hydrothermal
carbonization process.

The mass yield after hydrothermal carbonization was reduced from 95.1% to 79.8% as
the temperature increased from 180 to 260 °C. This phenomenon meant that 4.9% to 20.2% of
volatile products (i.e. formic acid, acetic acid furfural and water) [13, 14] and bio-gases such
as CO; and NOy were generated during hydrothermal carbonization [19]. The pH ranging
from 4.0 to 10.0 had no effect on the mass yield. However, there was an increase in mass
yield when the pH reached 13.0 (Fig. 2b) and the same results were obtained at 220 and
260 °C (data not shown). This fact means that a higher NaOH concentration inhibited the

generation rates of volatile products and bio-gases.
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Figure 3. Effect of initial pH on the final pH of WSP obtained at various temperatures.

3.3.2 The final pH of WSP

Organic acids were generated during hydrothermal carbonization of biomass and they
would change the final pH of water phase. We thus measured the pH of WSP obtained after
hydrothermal carbonization of HCCS, and the results are shown in Fig. 3. The final pH of
WSP decreased with the increase in the hydrothermal carbonization temperature and it
reduced to 4.4 at 260 °C and initial pH 5.9. Changing the pH from 4.0 to 10.0 had no dramatic
effect on the final pH of WSP obtained at the temperature of 180 °C and the final pH of WSP
was around 5.0. However, the final pH was 7.4, which was still maintained at the weak alkali
value when the initial pH was 13.0. The similar results were also obtained during evaluating
the final pHs of WSP in other temperatures. The decrease of final pH during hydrothermal

carbonization was mainly caused by the formation of carboxylic acids, including acetic acid,
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lactic acid and formic acid [13], whereas the remaining of final pH in a weak alkali value
revealed that the generated carboxylic acids were all neutralized by NaOH during

hydrothermal carbonization.

3.3.3 Determination of compositions of HCCS and the residue

Cellulose, hemicellulose and lignin are the primary components of biomass. In this study,
the main components of the residue prepared at various conditions were analyzed to help
elucidate the reaction mechanism in hydrothermal carbonization. As shown in Table 1, the
weights of cellulose, hemicellulose and lignin in 200 mg of HCCS before hydrothermal
carbonization were 24.7, 41.8 and 106.4 mg, respectively (entry 1). Hemicellulose was
dramatically decreased to 10.3 mg with hydrolysis/decomposition of 75% even at 200 °C
(entry 3), and showed further slight reductions at higher temperatures. It seemed more
difficult to hydrolyze/decompose cellulose than hemicellulose and the weight of cellulose was
reduced from 19.3 to 10.2 mg with the decrease of 11.9% to 58.3% as the temperature
increased from 180 to 260 °C (entries 2-6) at the pH of 5.9. The weight of lignin decreased
from 83.7 to 77.6 mg with the decline of 21.4% to 27.1% in the temperature range of
180-260 °C (entries 2-6) at pH 5.9. Therefore, cellulose and hemicellulose were more reactive
than lignin during hydrothermal carbonization of HCCS, and it was confirmed that this
reduction of residue yield was primarily due to the hydrolysis/decomposition of hemicellulose
and cellulose in HCCS.

The variation of pH within the range of 4.0-10.0 had no significant effect on the weights
of cellulose, hemicellulose and lignin in the residue, resulting the constant values of residue
yield. However, all of the solid components, especially the lignin, were dramatically
decreased at pH 13.0 (entries 2-5) and almost all of them were hydrolyzed/decomposed at
260 °C (entry 6). It was previously reported that, the addition of H,SO4 to a final
concentration of 0.1 M could remove a large amount of hemicellulose at 180 °C in 5-min
hydrothermal carbonization of bagasse [5]. In contrast, all of the compositions were
effectively liquefied when NaOH was employed at a concentration of 0.1 M (pH 13.0).
Therefore, NaOH may be more effective for liquefying biomass than H,SO4 at 180 °C.

3.3.4 FTIR results of WSP and ASP

The mass corresponding to the reduction of HCCS over the hydrothermal carbonization
process should be included in the water and acetone solutions, as shown in Figure 1. The
fractions recovered by water and acetone were called water-soluble products (WSP) and

acetone-soluble products (ASP), respectively. We used FTIR to characterize these fractions
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Table 1. Effect of temperature or pH on the compositions, elemental content and HHVs of
HCCS and residues.

Heating
Main components® (mg) Element content (%)
Temperature value
Entry PH
0 HHV
Cellulose  Hemicellulose Lignin C H N o°
(MJ/kg)

1 25 HCCS 24.7+0.2 41.8+0.3 106.4+0.6 515 48 09 428 20.2
40 193203 lees 8707 sl s1o11 37 23

5.9 18.2+0.6 16.1£2.0 84.7£2.4 552 53 1.0 385 22.0

2 180 7.0 19.6+1.2 15.0+£0.2 83.9+0.2 56.3 50 1.1 37.6 22.4

10.0 21.9+0.5 12.9+0.8 82.1£1.0 568 5.1 1.1 37.0 22.7

13.0 9.4+1.4 7.5+¢1.7 23.7+0.7 425 47 04 523 16.9
R W0 s9 207207 10308 84809 586 S0 11 354 %4
40 ;M3 61:09 8810 613 45 09 B3 245

5.9 19.3+0.4 7.6+0.2 88.6+0.2 61.8 49 10 323 25.0

4 220 7.0 19.9+0.8 7.1+£0.3 87.9+0.3 613 48 08 332 24.6

10.0 18.7+0.5 8.5+1.2 82.4+3.5 61.0 45 08 337 24.3

13.0 10.0+0.7 0.6+0.1 10.6+0.7 40.8 35 0.0 556 16.5
s w0 59 15101 7942 801513 61 48 09 312 256
40 a6 7300 78S:01 @2 44 07 28 274

5.9 10.2+0.7 7.5+1.3 77.6+1.2 672 47 09 272 27.7

6 260 7.0 8.5+0.8 5.9+1.7 76.5%1.5 682 46 07 265 28.2

10.0 8.1+0.4 6.2+1.1 80.2+1.0 67.7 46 0.7 27.0 27.9

13.0 3.5+0.3 0.1+0 5.4+0.1 385 93 08 514 15.1

a: all the experiments were carry out in triplicate b: calculated by difference
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according to the temperature and pH of the hydrothermal carbonization (Fig. 4). The spectra
showed that temperature and pH had no effect on the adsorption bands of WSP and ASP. The
main adsorption bands from WSP were quite similar to those of ASP, indicating that WSP
and ASP contained similar functional groups. The O—H stretching vibration around 3300 cm’™
indicated the presence of phenols and alcohols in WSP and ASP. The O-H stretching
vibration of WSP was stronger than that of ASP because phenols, which have lower O-H
content than alcohols, were more prevalent in ASP [20]. This peak in ASP became stronger at
pH 13.0, probably due to the hydrolysis/decomposition of phenols. The absorption bands
between 2840 and 2960 cm™ corresponding to the C—H stretching indicated that hydrocarbon
alkyls were one of the products during hydrothermal carbonization. The C=0 stretching band
at 1740 cm’' indicated the presence of esters, carboxylic acids, ketone, aldehydes and/or
phenol compounds in the WSP and ASP. The absorption bands around 1600 and 1510 cm™
related to the mono- and polycyclic and substituted aromatic groups due mainly to the
decomposition of lignin. The disappearance of the 1510 cm™ peak in ASP at pH 13.0
suggested that some of the aromatic compounds decomposed at this pH. The absorbance at
1376 cm™ corresponding to the —CH; bond and the aromatic C—H in-plane plus C-O in the
primary stretching band at around 1050 cm™ indicated the appearance of arone chemicals [21].
We attempted to use GC-MS as another analytic method to identify the compounds present in
the WSP and ASP, but neither the WSP nor the ASP could dissolve in the organic solvents.
Therefore, the compounds in WSP and ASP could not be identified in this study (data not

shown).

3.3.5 Elemental contents and HHVs of residue, WSP and ASP

The elemental content of the residue shown in Table 1 helps to illustrate the
decomposition progression of HCCS during hydrothermal carbonization. At pH 5.9 the
carbon content of the residue increased from 55.2% to 67.2% with the increase of temperature
from 180 to 260 °C, and its oxygen content decreased at the same time (entries 2-6 on Table
1). There was no great change in hydrogen or nitrogen contents. The pH range from 4.0 to
10.0 seemed to have no effect on the carbon and oxygen contents. However, lower carbon
content and higher oxygen content were obtained in the residue at pH 13.0. The decrease of
residual carbon content at pH 13.0 was due to the lignin content of the HCCS because lignin,
having the highest carbon content among the main components of the biomass,

hydrolyzed/decomposed at pH 13.0.
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Figure 4. FTIR spectra of WSP and ASP prepared at various temperatures (above)

and pHs (below) at 220 °C.
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Table 2. Effect of temperature or pH on the elemental contents of WSP and ASP,

and HHVs of WSP, ASP.
WSP ASP
Temperature
Entry pH C H N o HHV Entry C H N o HHV
QO]
) () (%) (%) (MJ/kg) (CORECORENCO) (%) Mlkg)

4.0 352 4.7 0.6 59.4 15.0 535 6.3 0.7 39.6 21.6

5.9 39.5 43 0.6 55.7 16.1 62.9 4.9 0.9 313 25.6

7 180 7.0 334 5.1 0.6 60.9 14.5 12 48.0 6.3 0.6 452 19.1

10.0 34.7 4.5 0.6 60.2 14.9 51.8 5.6 0.7 42.0 20.6

13.0 25.6 2.7 0.6 71.1 14.6 23.0 4.5 0.4 72.1 13.1
s a0 s M7 42 10 61 it 13 @7 60 10 94 269
. 20 149 12 ses w8 sma 61 10 B s

5.9 33.7 4.2 12 60.9 14.9 61.9 5.1 12 31.9 252

9 220 7.0 32.1 52 1.1 61.6 14.2 14 56.6 5.8 1.0 36.6 23.0

10.0 32.1 5.0 1.1 61.8 14.3 60.7 6.3 1.0 31.9 25.5

13.0 314 3.1 0.5 65.1 14.9 23.1 5.4 0.4 71.1 12.4
0 a0 sy ma 40 15 @2 it 15 @0 53 12 s 260
. w0 M1 ose a5 e w2 @i 60 11 ms w3

5.9 342 43 1.6 59.9 15.0 63.5 52 12 30.1 26.2

11 260 7.0 325 5.0 1.5 61.0 14.4 16 63.5 5.7 1.1 29.7 26.6

10.0 36.3 5.4 1.6 56.7 15.2 64.0 59 1.3 28.9 27.0

13.0 26.2 3.6 0.4 69.8 14.0 24.6 6.2 0.4 68.8 12.1

a: calculated by difference
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The elemental contents of WSP and ASP are shown in Table 2. The temperature and pH
seemed to have no significant effect on the elemental content of WSP. The elemental content
of ASP showed no dramatic change at the pH range of 4.0-10.0 at various temperatures, and
lower carbon content was obtained at pH 13.0. The carbon content of ASP was higher than
that of WSP in the same conditions except at pH 13.0. This was consistent with the results
obtained by direct liquefaction of woody biomass at 340 °C for 30 min [20]. The main
components of the ASP in that study were phenolic compounds and derivatives, long-chain
carboxylic acids/esters and hydrocarbons, and these compositions had higher carbon content

than the carbohydrates, acetic acids, pyran derivatives and aldehydes in the WSP.
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Figure 5. Van Krevelen diagram of (a) HCCS, residue, WSP and ASP prepared at
180-260 °C, pH 4.0-13.0 and (b) HCCS, residue and ASP prepared at 180-260 °C,
pH 4.0-10.0 as well as areas of pyrolysis oils (dry basis) and coal band. The area

of pyrolysis oils was referred from references 22 and 23.
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Next, in order to examine the fuel properties of the residue, WSP and ASP, the H/C vs.
O/C values of residue, WSP, ASP and flash pyrolysis oil (dry basis) [22, 23] were plotted on
a van Krevelen diagram as shown in Fig. 5. From Fig. 5a, it is clearly seen that the residue
and ASP had lower O/C and H/C values than those of WSP prepared under the same
conditions except for the case of pH 13.0 (black keys in Fig. 5a), where the residue and ASP
had higher O/C values than those prepared at other conditions. This result indicated that the
residue and APS prepared at pH 13.0 had lower fuel properties than those prepared at other
conditions, because a fuel with higher H/C and O/C ratios would lead to more energy loss,
and more smoke and water vapor generation during the combustion process [8]. Therefore, it
was not appropriate for hydrothermal carbonization of HCCS at high pH for bio-fuel
production.

Figure 5b shows the H/C vs. O/C values of residue and ASP at 180 to 260 °C for the pH
range of 4.0-10.0. Compared with HCCS, residues with lower H/C and O/C values were
obtained through hydrothermal carbonization. The H/C and O/C values of residue moved
towards to those of commercial coals with the increase in the hydrothermal carbonization
temperature, and the H/C and O/C values of residues prepared at 260 °C (entry 6) could be
comparable with those of lignite. The O/C and H/C values of ASP could also be comparable
with those of pyrolysis oil.

Table 3. Comparison of HHVs of the present residues with those of

some commercial coals and torrefied biomass.

Biomass/commercial coal HHV (MJ/kg) Reference

Residue (entries 2~6, pH 5.9) 22.0-27.7 This study
Northumerland No.81/2 Sem. Anth. Coal 24.7 24
Ggerman Braunkohole lignite 25.1 24
Jnanjra Bonbahal Seam Coal — R — VII 24.1 24
Green Ind. NO. 3-hvBb coal 27.4 24
Dry torrefied loblolly pine (300 "C, 80 min) 235 19
Dry torrefied loblolly pine (300 °C, 30 min) 23.1 26
Dry torrefied loblolly pine (250 "C, 8 h) 24.8 26

The HHVs of residue, WSP and ASP are an important index to evaluate the performance
of hydrothermal carbonization, we thus calculated the HHVs of residue, WSP and ASP from
their element contents in this study. As shown on Table 1, the HHV of HCCS was 20.2 MJ/kg
and the HHV of residue prepared at pH 5.9 increased with the increase in the hydrothermal
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carbonization temperature. The increase in HHV was due to the decrease of low-energy
chemical bonds (i.e. H-C and O—C) and the increase in a high-energy chemical bond (C-C)
during hydrothermal carbonization [8]. The HHVs of these residues could be comparable with
those of some commercial coals shown on Table 3, such as Northumberland No.81/2 Sem.
Anth. Coal (24.7 MJ/kg), Jhanjra Bonbahal Seam Coal-R—VII (24.1 MJ/kg) and German
Braunkohole lignite (25.1 MJ/kg). The HHV of residue prepared at 260 °C and pH 5.9 (27.7
MJ/kg) that exhibited an elevation rate of 37% compared to that of the original HCCS could
even be comparable with that of Green Ind. NO. 3-hvBb coal (27.4 MJ/kg) [24]. This
elevation rate of HHV was much higher than those for 15-min treatments of willow (17%)
and beech (20%) at the mild pyrolysis temperatures of 270 and 280 °C, respectively [25]. It
was also much higher than those of dry torrefied loblolly pine processed for 8 h at 250 °C,
and 30 and 80 min at 300 °C, respectively, which had similar elemental content and HHV to
that of HCCS (Table 3) [19, 26]. Therefore, it was considered that hydrothermal carbonization
is better at elevating HHV than dry torrefaction. The pH range from 4.0 to 10.0 seemed to
have no effect on the HHV of the residue because the composition and elemental content of
the residue was nearly the same at this range; lower HHV was obtained at pH 13.0, which was
due to the hydrolysis/decomposition of lignin as described above.

Changing the temperature and pH seemed to have no dramatic effect on the HHV of
WSP. The HHVs of WSP were between 14.0 and 16.1 MJ/kg, lower than those obtained from
the liquefaction of woody biomass at 340 °C for 30 min [20]. The temperature also had no
effect on the HHV of ASP and it seemed that changing the pH from 4.0 to 10.0 above 200 °C
led to no great change in the HHV of ASP. It was interesting that a lower HHV of ASP was
obtained at pH 13.0, under which conditions lignin was greatly hydrolyzed/decomposed. This
could be due to the change of carbon content of ASP because the carbon content dominated
the HHV as shown in equation (6). The HHV's of WSP and ASP were much lower than those
of heave fuel oil, aviation gasoline and diesel oil [24]. Therefore, the HHVs of WSP and ASP
should be improved before application by the means of lowing oxygen content.

From all of the results described above, we considered that hydrothermal carbonization
could effectively upgrade the fuel properties of biomass, and the optimal conditions for
10-min hydrothermal carbonization of HCCS are 260 °C, pH 5.9. A pretreatment was needed
before application of WPS and APS as biofuels. The residue, WSP and ASP prepared at pH

13.0 were not appropriate for application as bio-fuels.
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Figure 6. Equilibrium moisture content (EMC) of residue prepared at (a) various temperatures
at pH 5.9 and (b) various pHs at 260 °C (n=3).

3.3.6 Equilibrium moisture contents of HCCS and residue

The moisture content strongly affected the biodegradation of biomass. The relative
humidity of the surrounding air was one of the parameters that affected the EMC [27].

Figure 6a shows the effect of hydrothermal carbonization temperature on the EMC of the
residue. The higher hydrothermal carbonization temperature made the residue more
hydrophobic and the EMC was elevated at higher RH content. As shown in Table 1, the
weights of cellulose, hemicellulose and lignin in the residue were reduced after hydrothermal
carbonization. However, more cellulose and hemicellulose were hydrolyzed/decomposed than
lignin, and hence the lignin content in the residue increased with the increase of hydrothermal

carbonization temperature. Therefore, the EMC reduction at higher hydrothermal

125



carbonization temperatures was due to the increase of lignin content in the residue as lignin is
more hydrophobic than cellulose or hemicellulose.

Figure 6b shows the relationship between EMC and the residue prepared at various pHs.
There was no significant change of the EMC at the same RH. The constant EMC of the
residue (pH 4.0-10.0) was due to its fairly constant composition since the composition of
biomass affects the EMC of the biomass [27]. Although the composition of the residue
changed at pH 13.0, the EMC of the residue was similar to those obtained at pH 4.0 to 10.0,
probably due to the high ash content in the residue.

Therefore, hydrothermal carbonization was shown to be an effective process to improve
the hydrophobicity of biomass; also, high ash content in the residue could affect the
hydrophobicity of the residue.

3.4 Conclusion

The residue, WSP and ASP produced from hydrothermal carbonization of HCCS at
various temperatures and pHs were characterized in this study. The residue yield was
decreased when the treatment temperature increased from 180 to 260 °C while the total
soluble products yield was almost the same. Changes in pH within the range form 4.0 to 10.0
had no significant effect on residue and total soluble products yields. However, a lower
residue yield and higher total soluble products yield were obtained at pH 13.0. At 260 °C and
pH 5.9, more hemicellulose (82.1%) was hydrolyzed/decomposed than cellulose (58.3%) or
lignin (27.1%), and it was confirmed that the reactivity order of the components of HCCS was
hemicellulose > cellulose > lignin. The final pH value of WSP was lower than initial pH value
and it decreased with increase in the hydrothermal carbonization temperature. Changing the
initial pH from 4.0 to 10.0 had no dramatic effect on the final pH value of WSP. However, the
final pH value increased to around 7.3 when the initial pH elevated to 13.0, which meant that
the generated carboxylic acids were all neutralized by NaOH. The HHV ranges of residue
were from 22.0 to 28.2 MJ/kg for 10-min treatment in the temperature range of 180-260 °C
and pH range of 4.0 to 10.0, and the HHV of residue decreased at pH 13.0. The HHVs of
these residues were comparable with those of several commercial coals. The WSP and APS
had lower HHVs than those of heavy fuel oil and diesel oil and they needed a pretreatment to
increase their HHVs before application. The residue became more hydrophobic at higher
treatment temperatures, indicating that hydrothermal carbonization could efficiently elevate

the hydrophobicity of the biomass.
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