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Summary

In Southeast Asia, one kind of biomass that being considered as the most
potential for energy production is empty fruit bunch (EFB), a byproduct of palm oil
industry. This byproduct is poorly utilized yet causing many problems associated with
the improper disposal practices of EFB. Hence, the utilization of EFB as a source of
renewable energy is considered to be crucial. Despite of the abundant resource of EFB,
as like other biomass, it also faces several limitations in its use. The bulk density is low
and the moisture content of fresh EFB is approximately 65%. It also contains high ash
and potassium content that promotes slagging and fouling problems in boilers. Currently,
several different approaches have been considered to improve the fuel properties of
biomass. In this study, the combination of hydrothermal treatment (HTT), washing
pre-treatment and pelletization were employed in order to mitigate the issues.

The lab scale investigation on HTT of waste EFB was performed in order to
upgrade the fuel qualities of the biomass into value added solid fuel. The HTT
experiments were conducted using a batch type autoclave reactor. Four reaction
temperatures were investigated at 100, 150, 180, and 220°C with the holding time of 30
minutes. The results indicated that the fuel qualities of the product was improved after
HTT; such as a higher carbon content, a higher energy density, a lower O/C and H/C
ratios compared with the raw feedstock. The calorific value of the EFB was increased
from 17 MJ/kg to approximately 20 MJ/kg after HTT, which is equal to low-grade
sub-bituminous coal. The mechanism of HTT was also investigated by the Van Krevelen
diagram and the FTIR analysis. The main reaction pathways that might occur during the
HTT process at a mild temperature were the dehydration and the hydrolysis.
Considering the energy consumption and fuel property, HTT at 180°C is found to be
most favorable for large-scale production of solid fuel from EFB.

High potassium content in EFB leads to the high slagging and fouling tendency
in furnaces. Hence, the removal of the potassium content by combination of HTT and
the water washing is also investigated. After HTT, the treated product was subjected to
water washing experiments that were conducted using a batch-washing system. The
samples were mixed with the ratios of 1:5, 1:8, 1:10, 1:20 and 1:50 of distilled water at
the washing temperature of 60°C for 15 min. The results indicated that the major

removal of potassium was attributed to the HTT process, with 92% potassium removal



can be obtained after HTT combined with the water washing. The combination also
lowered the ash content and the chlorine content of EFB down to averagely 0.9% and
0.19%, respectively. According to the results, it was found that 180°C was the optimum
HTT temperature for the effective potassium removal. Combination of HTT and the
water washing improved the slagging and fouling indices, exhibiting positive results in
the term of the deposition tendency, thus clarified that the removal of potassium may
lead to the lower deposition tendency.

The comparison of the pellets produced from raw EFB, and the hydrothermally
treated EFB (hydrochar) as well as the washed hydrochar were investigated.
Pelletization of biomass has been practiced widely to produce homogenous products
with a high density. However, the study on the pelletization of the washed
hydrothermally treated biomass is currently limited. The pelletization was conducted
using a single pellet making device and performed in the room temperature and the
pressure of 150 MPa with the holding time of 30 s. From the results, washed HTT-EFB
pellets showed a high mechanical strength, and high durability compared to HTT-EFB
and raw EFB pellets. The pellets also showed the hydrophobic nature against the
moisture exposure. However, washed HTT EFB pellets required higher energy for
making pellet. From the analysis, it was found that the changes in the composition of
EFB biomass by HTT and the washing process regulate the pelletization behavior and
affect the bonding mechanism during the pelletization.

The possibility to use the leachate from the washing process of HTT-EFB for
the agricultural purpose was studied. The analysis of the properties of the leachate and
the phytotoxicity test were performed to decide the safety approach when applying the
leachate back to the palm oil plantation. Considering the macronutrients amount, the
leachate could not be used as an universal fertilizer, but primarily as an organic nutrient
supplement. A proper dilution factor was found to reduce the phytotoxicity effect of the
leachates to the plant growth.

Overall, the combination of the pelletization, HTT, and the washing
co-treatment is promising for upgrading abundant EFB biomass into clean, energy dense,
homogenous, friable, durable, and hydrophobic solid fuel that is ready for domestic and

international markets, while dealing with the waste EFB problem in the plantation.
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Chapter 1. Introduction

1.1 Biomass as a renewable energy source

Renewable energy is energy which comes from natural resources such as sunlight, wind,
rain, tides, waves, and geothermal heat, which are renewable (naturally replenished), as
the International Energy Agency explains [1]:

Renewable energy is derived from natural processes that are replenished
constantly. In its various forms, it derives directly from the sun, or from heat
generated deep within the earth. Included in the definition is electricity and
heat generated from solar, wind, ocean, hydropower, biomass, geothermal
resources, and biofuels and hydrogen derived from renewable resources.

The use of renewable energy sources is becoming increasingly necessary, if we are to
achieve the changes required to address the impacts of global warming [2]. Several
problems associated with the fossil fuel exploitation also change the current energy
scheme to move towards a more sustainable model. In the transition to cleaner
technologies, biomass stands out as one of most important renewable energy sources.
Moreover, the high cost of fossil fuels and technological progress have made the
appearance of energy development of biomass systems possible to allow us to obtain
energy directly or indirectly by means of combustion, pyrolysis or gasification
processes. These development systems are becoming more and more efficient, reliable
and clean. Due to this fact, biomass is currently being taken into account as a total or
partial alternative to fossil fuels.

Biomass energy, or “bioenergy,” is the energy of sunlight that was stored in chemical
bonds of organic material which is produced by green plants converting sunlight into
plant material through photosynthesis. Biomass has always been a major source of
energy for mankind. Biomass is a fourth largest source of energy and providing at about
14 percent of the world’s total energy consumption[3, 4]. Biomass is the only renewable
energy resource that can be converted into any form of fuel including solid, liquid and
gaseous|[5].

The life cycle of biomass as a renewable material has a neutral effect on CO, emission.
It also offers the possibilities of a closed mineral and nitrogen cycle. The
environmentally hazardous sulfur dioxide (SO;), which is produced during combustion
of fossil fuels, leading to acid deposition, is not a major problem in biomass systems
due to the low sulfur content of biomass (< 1% compared to 1 to 5% for coal)[6].
Biomass is widely used to meet wide variety of energy requirements such as heat and
electricity generation, and producing biofuels for vehicles. Biomass can readily be used
in boilers to produce directly heat and/or steam to generate electricity. Co-firing with



coal is an attractive option with a relatively low need for additional investments [7].
Moreover, using biomass as a fuel can also be an opportunity to empower rural
communities.

Although it is a common source of energy (especially in developing countries), biomass
is not such an ideal fuel due to its fibrous nature, low density, and low heating value.
The transportation and handling of solid biomass is expensive considering its low fuel
value. Furthermore, lack of developed conversion technologies and high costs limit the
scope of biomass usage to energy. Nonetheless, biomass is still attractive feedstock for
renewable energy and the price of biomass is relatively stable and less than the
fluctuating fossil fuel price. Consequently, to ease the biomass conversion into energy,
biomass should be converted to a more hydrophobic, energy dense fuel, with better
handling characteristics compare to its raw conditions.

1.2 Lignocellulosic biomass

Lignocellulosic biomass covers most plants that have three main components: cellulose,
hemicelluloses and lignin as shown in Figure 1-1. The term lignocellulosic is coming
from the chemical composition of the plants. Terrestrial biomass, like farm crops,
woody trees from forest, agricultural residues are considered lignocellulosic biomass.
The composition can differs from one plant species to another, for example most
softwoods have more cellulose than grassy type biomass, whereas wheat straw and
leaves contain more hemicelluloses [8]. The three main components are chemically
bonded by non-covalent forces, and cross-linked together to provide structure and
rigidity in the biomass.
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Figure 1-1. Lignocellulosic biomass

1.2.1 Chemical composition



The chemical compositions of lignocellulosic biomass mainly consist of about 95% of
three biopolymers of cellulose, hemicelluloses, and lignin. The remaining contents is
composed of a profusion of associated materials called extractives; such as resins, fats,
tanning agents, starch, sugar, proteins, and minerals. The proportions of the chemical
components vary in accordance with their species types.

1.2.1.1 Cellulose

Cellulose is a high-molecular-weight (106 or more) linear chain of glucose linked by b-
glycosidic linkage forming long chains (elemental fibrils) linked together by the
hydrogen bonds and van der Waals forces. This chain is highly stable and resistant to
chemical attack because of the presence of high degree of intra and intermolecular
hydrogen bonding [9]. The strong hydrogen bonding provides a strong and rigid
structure of the polymer. The chains tend to arrange in parallel and form a crystalline
structure that cause the thermal degradation of cellulose starting in the temperature
range of 300 - 400°C [10]. Due to its high degree of crystallization, in spite of owing a
relatively high number of hydrophilic groups, cellulose is not water soluble but acts
hygroscopically (water-absorbing).

1.2.1.2 Hemicelluloses

Hemicelluloses have a complex carbohydrate structure consisting of short, highly
branched chains of sugars (five-carbon sugars such as D-xylose and L-arabinose, and
six-carbon sugars such as D-galactose, D-glucose, and D-mannose) and uronic acid. It
has lower molecular weight than cellulose. Hemicelluloses always appear as a substance
associated with cellulose. Because of its low molecular weight and amorphous structure,
the hemicelluloses is a highly soluble polymer in water. It is the least thermally stable
ploymer among all three lignocellulosic polymers, followed by cellulose and lignin. The
thermal degradation of cellulose starts at 200 - 300°C [10], while its solubilization in
water starts at about 180°C under hydrothermal conditions [11, 12]. The hemicelluloses
is relatively easy to be hydrolyzed into basic sugars.

1.2.1.3  Lignin

Lignin is a biopolymer rich in three-dimensional, highly branched polyphenolic
constituents that provide structural integrity to plants. Lignin found as the most
abundant polymer in the nature and is present in the cell wall of biomass. Lignin is
amorphous hetero-polymer with no exact structure and highly hydrophobic in nature.
Lignin is more difficult to be dehydrated than cellulose and hemicelluloses and is the
most thermally stable polymer with the thermal degradation starting at 600°C under
atmospheric conditions [10]. Nonetheless, its degradation under hydrothermal
conditions starts at lower temperature of 220°C [11]. Lignin is the polymer in biomass
that shows glass temperature transition behavior in the temperature range of 135 -



165°C where it melts and acts as natural binding agent during the densification process
[13, 14].

1214 Extractives

Extractives are the minor constituents in the plants, the organic substances which have
low molecular weight and soluble in neutral solvents. Their mass related concentration
is typically 4 — 10% and the contents of extractives may vary among wood species,
location, and season. Extractives include resin (combination of terpenes, lignans, and
another aromatics), fats, waxes, fatty acids and alcohols, terpentines, tannins, minerals
and flavonoids. Although extractives constitute only minor portions of the molecular
substance of plants, they can determine significant characteristics of the raw materials;
such as the resistivity against fungi and insects, the odor, the water-repellent, the
impregnability and the flammability [15].

1.2.2 Conversion technologies

There are several conversion techniques available for the conversion of biomass.
Nevertheless, the choice of the pre-treatments is very limited depending on the type of
feedstock (wet biomass or dry biomass, desired output products (solid, liquid, and gas),
distribution and properties of the product for different applications.
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Figure 1-2. Conversion routes for dry biomass [16]

Biomass with the moisture less than 30 wt% is categorized as dry biomass [16].
Examples of dry biomass are wood, straw, and other sun dried waste. The conversion
pathways for the dry biomass are depicted in Figure 1-2. The most common method
used for conversion of dry biomass is the direct combustion to produce heat and power.



However, the inferior physicochemical properties of the biomass causes the direct
combustion of biomass to be considered as not eco-friendly route for biomass
conversion, since it produces smoke and other harmful gaseous. Mechanical treatment
like compaction or densification is widely used method where biomass is compacted in
regular shaped product such as pellets or briquettes [4]. Oil pressing from the oil rich
seeds is also one of mechanical methods for the production of biodiesels. Both of
mechanical treatment can be applied in the plantation site and can support the
development of rural communities. Apart from combustion, fast and slow pyrolysis can
be applied to produce bio-oil, char and gas. The gasification is also one possible route to
convert biomass to fuel gas or to syngas for production of synthetic fuel. Solvolysis is
another conversion process where the biomass is mixed with hot compressed water to
recover sugar and liquid intermediate compounds [17].
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Figure 1-3. Conversion routes for wet biomass [16]

Wet biomass includes sewage sludge, sugar solutions, algae suspensions and waste
animal manure from biomass processing or from biorefineries. The conversion
pathways for the wet biomass are shown in Figure 1-3. Wet biomass can be dried with
drying processes; however this is not the most efficient and economical way to operate.
The conversion of wet biomass into a fuel can be processed via biological methods like
anaerobic digestion or fermentation. Generally, biological routes are limited to certain
carbohydrate fractions in biomass. However, for second generation conversion
processes, enzymes and pretreatment options are being developed that target the
lignocellulosic biomass in broader sense [16]. The next conversion is conversion in hot
compressed water (both sub- and super-critical) that aimed at the production of
hydrophobic liquids, solids and gases [18]. Presence of water in hot compressed water
treatment like the hydrothermal conversion eliminates the pre-drying requirement of
wet biomass which is energy extensive and costly for the processing of wet biomass
when performed under conventional dry thermal pretreatments like pyrolysis and
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torrefaction [19]. The thermochemical conversion methods are more preferable than
biological conversions since they offer significant merits like shorter reaction time and
higher product yields [20].

By combining dry and wet conversion routes, a wide spectrum of interconnected
thermochemical biomass conversion routes toward final products is possible and may
be used in a biorefinery. In such complex concepts, the hydrothermal conversion can be
applied to produce intermediate energy carriers, in primary conversion steps like
gasification, or it can be used for working up of side/ waste streams from conversion
processes of biomass to food, fuel, and chemicals [16].

1.3 Oil palm residues: Empty Fruit Bunch

Empty fruit bunch (EFB) is a major waste generated from the processing of palm oil at
the mills. In general, fresh fruit bunch contains only 21% palm oil (See Figure 1-4),
while the rest are fiber (14-15%), palm kernel (6-7%), shell (6-7%) and EFB (22%)
which left as biomass residue [21]. Palm oil fresh fruit bunch and empty fruit bunch are
depicted in Figs. 1-5.b and 1-5.c, respectively. For every 100 tons of fresh fruit bunches

(FFBs) processed, 20 - 25 tons of EFB is produced.

Palm Kernel cake
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Figure 1-4. Palm oil utilization diagram for oil production

EFB is a bunch of foliage surrounding the oil palm fruit. EFB is generated when
sterilizing fresh fruits and pericarp along with brunches. The sterilization is needed to
inactivate the enzymatic process, avoiding an excessive production of free fatty acids.
EFB is then separated from the fruit by rotary drum of fixed drum after sterilization.
The value of EFB is commercially low and posing a disposal problem because of its
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large quantity [22]. Purified palm oil only represents, approximately, 20 wt% of the
harvested material and consequently, many palm oil manufacturers face with problems
associated with increasing waste streams, such as insufficient dumping spaces and bad
odor and hazardous methane gas from the decomposition processes [23].
Conventionally in Indonesia, EFB is burned, disposed of in landfills, or composted to
organic fertilizer [22]. The burning of EFB is for steam and power generation for
factories and the ash is utilized as potassium fertilizer. However, burning EFB may
cause environmental problems, such as air pollution due to incomplete combustion and
very fine size of ash particles which may harm respiratory system of human [24].
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Figure 1-5. Palm oil (a) tree, (b) fresh fruit bunch (FFB), and (c) empty fruit bunch
(EFB)

The other utilizations of EFB have also been investigated, such as for natural fiber
reinforced composites [25, 26], filler material in polypropylene (PP) composite [27],
and bioethanol production [24]. EFB pellets exhibit high energy content due to decrease
in the moisture content, uniform size, and superior combustion performance and high
mechanical strength [28].

1.3.1 Biomass composition

EFB as lignocellulosic material comprises of three major sugar-based polymeric
components; cellulose, hemicelluloses and lignin. Table 1-1 shows the typical chemical
composition of oil palm EFB. This variation of the chemical composition gives impact
on the thermal decomposition behavior of EFB during the hydrothermal treatment and
also during densification process. Special attention should be drawn on the potassium
and chlorine content in the raw EFB that will heavily affect the ash melting behavior in
the furnace, causing some technical problems when combusting it in the furnace.

Table 1-1 Compositions of EFB [29]

Properties ’ Raw EFB
Proximate Analysis* (wt%o)
Volatiles 78.7
Fixed Carbon 15.3
Ash 5.9




Ultimate analysis**

Carbon 43.56
Hydrogen 5.34
Nitrogen 0.56
Chlorine 0.67
Oxygen (diff) 44.86
Potassium (%DM) 3.24
HHV (MJ/kg) 16.8
Component analysis (Wt%b)

Hemicellulose 35.0°
Cellulose 43.8°
Lignin 16.0%
Extractives 4.8°

*dry basis. **dry ash-free basis.

1.3.2 EFB Potential in Indonesia

The oil palm provides one of the leading vegetable oils produced globally, accounting
for one-quarter of global consumption and approximately 60 per cent of international
trade in vegetable oils. Oil palm is grown across more than 13.5 million ha of tropical,
high-rainfall, low-lying areas. Malaysia and Indonesia produce more than 80% of all
palm oil [30] (see Figure 1-6). Global palm oil production increased by 55% between
2001 and 2006, and will be further promoted by increases in demand for biofuels
generally.
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Figure 1-6. Global distribution of oil palm cultivation (harvested area as percentage of
country area) (adapted from [30])



Indonesia, the world’s largest palm oil producer, plans to double its current production
of crude palm oil to 40 million tons by 2020, expecting the growing amount of EFB
byproduct in each year [31]. The Indonesian palm oil industry has experienced
significant growth in recent years with approximately 1.3 million ha of new area
dedicated to palm oil plantations since 2005, reaching almost 5 million ha in 2007
(representing 10.3 percent of the 48.1 million ha of agricultural land)[31]. Indonesia has
a great potential for the utilization of oil palm empty fruit bunch (EFB) as it is the waste
in the palm oil industry, which disposes approximately 1.1 ton of EFB for every ton of
crude palm oil (CPO) produced [25]. EFB is a lignocellulosic residual remains from the
extraction of oil palm fruits at the mills [22]. The value of EFB is commercially low and
posing a disposal problem because of its large quantity [22]. On the other hand, the
large energy potential of 138.3 million GJ/year [32] from EFB waste has gained
government attention to utilize this kind of agricultural waste as a solid fuel for
supplying electricity to either national and local grids.

A palm oil mill processing 200,000 ton/year fresh fruit bunches (i.e. producing 40,000
ton/year crude palm oil) could supply a power plant with 44,000 ton/year fresh EFB
(65 % moisture content). As the heating value of dry EFB is around 16 MJ/kg then, at
25 % energy conversion efficiency, this amount of EFB is equivalent to the generating
capacity of 1.9 MWe. According to Directorate General of Estate Crops, Indonesia
Ministry of Agriculture, 5.3 million tons of EFB was produced throughout Indonesia in
1997. Utilization of this amount of EFB as a power plant fuel would potentially result in
generation of 229 MWe.

1.3.3 Challenges in utilizing EFB for thermo-chemical conversion

Due to its attractive and promising application of EFB as bioenergy, many technologies
had been investigated to convert the EFB biomass into direct energy or fuel feedstock
with improved quality for generating energy by thermo-chemical conversion. Thermo-
chemical conversion processes mainly include direct combustion, pyrolysis, gasification,
and liquefaction. The stored energy within biomass could be released directly as heat
via combustion/co-firing, or could be transformed into solid (e.g., charcoal), liquid (e.g.,
bio-oils), or gaseous (e.g., synthetic gas) fuels via pyrolysis, liquefaction, or gasification
with various utilization purposes. Biomass characteristics such as the moisture, the ash,
the volatile matter, the inorganic elements, the structural constituents, the calorific value,
the particle size and the density are of great importance in understanding the changes
that occur in the chemical structure of EFBs, which will affect their performance when
exposed to elevated temperatures during thermo-chemical conversion [33].

However, some inherent properties imposed by raw EFB become challenges in its
thermo-chemical conversion, including high moisture, low energy density, hygroscopic
nature, low heating value, and high alkali content, limiting its usage as energy resources.
Raw EFB was known to have low bulk density with high moisture content, making it
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difficult to be burnt or gasified with a high efficiency and low emissions [34]. Moisture
in biomass generally decreases its heating value [35]. These also can lead to the
difficulty in handling and transportation of this EFB biomass residue. Due to its fibrous
and tenacious nature, biomass is difficult to grind into small homogenous particle. This
poor grindability issue can cause serious problems especially when the biomass is used
in the pulverized system such as co-firing with coal [36, 37]. Moreover, very high load
of untreated biomass is required to generate an equivalent amount of energy from coal
due to its relatively low carbon content [38].

The ash content in EFB, particularly the alkali content and chlorine content, poses an
issue in the combustion furnace fouling and corrosion. The ash content of EFB is
approximately 5.9% and the potassium content is very high at around 3.2% (see Table
1-1). The ash content itself is an important parameter directly affecting the heating
value. High ash content of a plant part makes it less desirable as fuel [35]. The slagging
and fouling of combustor surfaces become major issues that have played an important
role in the design and operation of combustion equipment. Slagging and fouling reduce
heat transfer of combustor surfaces and causes corrosion and erosion problems, which
reduce the lifetime of the equipment. The main contributions to fouling come from the
inorganic material in the fuel [39]. Sodium and potassium lower the melting point of
ash and, thus, can increase ash deposition and fouling of boiler tubes [40]. It generally
demonstrates that the alkali in general (and the potassium and sodium in particular) are
more available and reactive in the bio-fuels than in the various deposits of coal. Ash
deposits reduce heat transfer and may also result in severe corrosion at high
temperatures. Compared with deposits generated during coal combustion, deposits from
biomass fuels are denser and more difficult to remove. The high chlorine and alkali
contents of some biomass, like wheat straw, raise concerns regarding corrosion. The
chlorine concentration should be minimized in all cases.

1.4 Biomass pretreatment process
1.4.1 Hydrothermal treatment

The research on the hydrothermal treatment started when scientist such as Bergius, Berl,
Schmidth, Leibniz and Van Kravelen tried to mimic the natural coalification process.
This artificial coalification process has been called the hydrothermal carbonization
(HTC) or the hydrothermal treatment (HTT). The wet biomass, agricultural waste and
municipal solid waste are treated in hot compressed water at subcritical temperatures
[41].

HTT refers to a pressurized thermo-chemical conversion conducted at a mild
temperature of 150 - 350°C. And compared to other thermo-chemical conversion
methods, such as pyrolysis and gasification, temperature used for HTT is relatively
lower (450-550°C for pyrolysis and 800-1200°C for gasification)[42, 43]. Since the
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process is carried out in the presence of water, the use of high moisture content
feedstock is not an issue. This unique advantage of HTT eliminates the pre-drying
requirement of wet biomass, which is energy and cost intensive in the biomass pre-
processing when performed under the conventional thermal pretreatments like slow
pyrolysis and dry torrefaction. The role of water in this process is not only as a reaction
medium but also a chemical reactant for decomposition[44]. HTT is performed in
subcritical water. Water in subcritical condition (below the critical point 374°C and
22.1MPa) is still in liquid phase and acts as a non-polar solvent enhancing the solubility
of organic compounds in biomass. Water at high temperature and high pressure has high
degree of ionization and starts dissociating into acidic hydronium ions (H30") and basic
hydroxide ions (OH"), therefore, shows both acidic and basic characteristics [45, 46]
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Figure 1-7 Effect of thermal pre-treatments on biomass structure (adapted from [4])

The common products yields from the HTT process are: upgraded solid (hydrochar),
aqueous organics and small fractions of gases (mainly CO,). The distribution
percentage and the physicochemical properties of the hydrochar are ruled by the
reaction temperature [47]. The mass yield of hydrochar during the HTT process
typically varies from 40 to 70%. It has been reported that with the equivalent mass yield,
the energy densification ratio (ratio of the HHV of biochar to the HHV of raw biomass)
obtained via HTT is significantly higher than the one obtained under torrefaction [47,
48]. The mechanical dewatering of wet materials like sludge and paper pulp can reduce
the moisture content to a range of 70 - 75%. The moisture content of the HT treated
material can be achieved to a value of less than 50% just by compression, ultimately
reducing the supplement energy and time consumption in drying of hydrochar [49].
Pulverization of hydrochar is much less energy intensive when compared to raw wood.
The high conversion efficiency, elimination of pre-drying requirement, and relatively
low operating temperature among other pretreatments, implies that HTC is a perfectly
suitable conversion technique for the production of hydrochar especially from wet
biomass.

11



For conversion of lignocellulosic biomass, the primary goal of the thermochemical pre-
treatment is to breakdown the rigid structure of the biomass polymers into small and
low molecular weight chains. Figure 1-7 shows the effect of the thermal pre-treatment
on the physical structure of biomass. The rate of destruction of the polymeric structure
of biomass typically depends upon the reaction time, the temperature and the reaction
medium. In HTT, due to the presence of subcritical water, the reaction mechanism is
initiated by the hydrolysis, thus it lowers the activation energy level of hemicellulose
and cellulose, favoring the rapid degradation and depolymerisation of these polymers
into the water soluble products like oligomers and monomers [11, 49].

1.4.2 Water washing

Washing process, also called leaching process by water, or water leaching is defined as
the removal of water soluble and ion-exchangeable inorganic constituents from solid
substrate using water. Water washing is reported as a low cost pre-treatment to reduce
inorganic constituents in the biomass content [50, 51]. The typical inorganic
constituents that can be removed during washing process are potassium, sodium,
calcium, aluminum and magnesium. Those are macro- and micronutrient for biomass
which are very important for plant growth. Potassium is crucial to the plant metabolism
and is therefore mostly concentrated in regions where rapid growth occurs, such as
leaves and plant tops; Potassium in biomass is apparently tied up as organically bound,
occurs as dissolved salts inherent moisture, cations attached to carboxylic and other
functional groups, complex ions, and chemisorb material [52]. It occurs as either water
soluble or ion exchangeable, thus it highly mobile in water. Sodium and calcium are
found with small concentrations in plants and are important for the metabolism and the
structure integrity. Aluminum, one of the ingredients of many soils, is toxic to the plants.
Magnesium is part of the chlorophyll and is responsible for photosynthesis.

As discussed in the previous sub-chapter, the inorganic constituents, particularly
potassium and sodium, can cause fouling, slagging, agglomeration and corrosion during
combustion. Fouling occurs when the inorganic constituents form ash deposit on the
surfaces of the combustion furnace. Slagging, in which a glass layer rich in Fe,O3 and
K0 [53], is a process formed by the melting of the deposits. Agglomeration of Fe,O3
and K;O leads to the increase of the thickness of the glass layer. Interaction of the
deposit layers with the metal surfaces within the furnace accelerates corrosion. The
potassium compound, such as potassium chloride in EFB, is reported to evolve into gas
—phase condenses and deposits on low-temperature surface of the heat exchanger,
causing slagging [54]. This hinders the heat transfer between the heat exchanger and
also corrodes the surface [55].

Jenkins et al. [50] investigated the effect of natural rain washing technology on
composition and ash fusibility of rice straw. Experiments showed that rain washing
effectively removed potassium and chlorine, and delayed the onset of ash fusion, for

12



collected samples without soil contamination. However, water washing appears to be a
more controllable manner than natural rain washing. Previous studies [50, 51, 56]
demonstrated that water washing may be an effective pretreatment process to remove a
large part of inherent inorganic constituents in biomass for mitigating the ash-related
issues, thus improving the quality of the biomass fuel. These studies conducted water
washing in conventionally batch operations, with the removal performance reported to
be dependent on the properties of the biomass feedstock [57]. Jenkins et al. (1996)
reported that a significant proportion of 90 % - 91 % potassium and chlorine were
removed after leaching banagrass with water [50]. Wheat straw and rice straw showed a
similar trend in responding to water leaching in the reduction of potassium and chlorine.
A substantial reduction of soluble metal salts after water leaching in pine barks and
switchgrass was reported [58]. Vamvuka and Sfakiotakis [59] also reported that after
washing, the contents of potassium, phosphorus, sulfur and chlorine in ash were
lowered and the Kinetic parameters (pre-exponential factor and activation energy)
corresponding to hemicellulose and cellulose decomposition were increased [60].

1.4.3 Pelletization

With the increasing demand of energy fuel, EFB waste biomass is considered to be
potential fuel for power generation in East Asia [61]. Meanwhile, as discussed above,
EFB has many drawbacks that makes very difficult to handle, transport, store, and
utilize in its original form. One solution to these problems is the densification of EFB
waste biomass into pellets, briquettes, or cubes [62]. Pelletization may facilitate
handling and transporting of EFB for domestic and international markets.

In pelletization equipment, the raw material is pressed through a ring or a flat hollowed
ring by the pressure of two or more rotating rolls. The rotating rolls push the material
into the die holes from the inside of the ring towards the outside of the ring. The friction
between the die holes walls and the raw materials resist the free flow of the materials
and thus produces increased pressure and temperature which compress the particles
against each other inside the die to from pellets. Pellets leaving the die are then cut
down by one or two adjustable knife into desired lengths. The diameter of the pellets
may range from 4.8 to 19.0 mm, and the length of the pellets may range from 12.7 to
15.4 mm [62]. Pelletization technology is commonly used in the U.S. and Europe for
producing animal feed.

The pelletization of biomass could reduce the costs of transportation, handling and
storage. Because of uniform sizes and shape, the pelletized biomass can be easily
handled using the standard handling and storage equipment, and can be easily adopted
in direct-combustion or co-firing with coal, gasification, pyrolysis and in other biomass-
fired plants. Many researchers have been studied the pelletization of biomass [63-65],
co-pelletization of biomass and sludge [66, 67], and pelletization of treated biomass [14,
68-70].
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In comparison to raw biomass, biomass pellets have obviously improved fuel quality.
However, biomass pellets may still not be the ideal fuels because of the high moisture
affinity and the relatively weak durability, especially for the pellets made from
agricultural residues [71]. A less durable pellet tends to disintegrate easily into fines
during handling and storage. A low content of lignin and unavailability of other
potential natural binders (starches and proteins) within the lignocellulose matrix may
require additional binders to assist in forming durable pellets [68]. Conventional wood
pellets tend to absorb moisture from the surrounding humid air that leads to pellets
disintegration and also provides an ideal environment for microbial and biochemical
activities [72]. However, previous published literature has shown that wood products
made from steam-exploded ground wood become more dimensionally stable and less
hygroscopic after the steam treatment [68]. Because of the increased lignin content, the
pellets made from steam-exploded poplar wood resisted higher breaking forces than
untreated poplar pellets [73]. Liu et al also reported that the moisture uptake of
hydrochar pellets was decreased compared to raw biomass pellets showing the
hydrophobic nature of treated pellets.

1.5 Research objectives

As explained in the previous section, the waste from the growing palm oil production
need immediate mitigation to fully utilize the waste and extract its potential energy for
energy production. Despite its promising advantages to replace fossil fuels, there are
many issues regarding raw EFB biomass [33, 34, 74], such as hydrophilic nature, high
moisture content and low bulk density, thus lowering its calorific value and limiting its
ease of use as fuel. Therefore, improvement to obtain better characteristics is
indispensable in the term of fuel use. Currently, several different approaches have been
considered to improve the fuel properties of biomass. In this study, the combination of
HTT, washing pre-treatment and pelletization will be employed in order to mitigate the
issues.

Pelletization is one good way to deal with the handling and transporting issues of the
EFB in its original form, especially when we intend to use it for domestic and
international market. The pelletization of biomass could reduce the costs of
transportation, handling and storage. Because of uniform sizes and shape, the pelletized
biomass can be easily handled using the standard handling and storage equipment, and
can be easily adopted in direct-combustion or co-firing with coal, gasification and in
other biomass-fired plants. However, biomass pellets may still not be the ideal fuels
because of the high moisture affinity and the relatively weak durability, especially for
the pellets made from agricultural residues [71]. Therefore, the HTT and washing co-
treatment is necessary before the pelletization; HTT can upgrade the raw biomass into
more stable, more hydrophobic and more lignin containing feedstock; and washing
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treatment can deal with the ash deposition issue. The co-treatment is effective to
produce more strong, durable and clean pellets.

The previous published literatures had conducted the various pre-treatments prior to
pelletization, such as steam exploded biomass pellets, torrefied biomass pellets, and
including the hydrothermally-carbonized biomass pellets. The steam treatment and
hydrothermal treatment studies had shown that the pellets were more dimensionally
stable and less hygroscopic [68], more resisted to higher breaking forces due to
increased lignin content [73], and more durable compared to untreated one [70, 71, 75].
Nevertheless, there is no research focused on the washed treated pellets was found.
Therefore, this study may give more clear information and knowledge on the effect of
washing on the HT treated pellets.
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Figure 1-8. Outline of this research

In summary, the objective of this research is to produce a clean and durable pelletized
fuel from palm empty fruit bunch (EFB) utilizing the combination of the hydrothermal
treatment technology and washing treatment. Several steps of experiments and analyses
were conducted to realize this objective. An illustration of the outline of this research is
shown in Figure 1-8.

1.6 Thesis structure

This thesis presents a structured experimental results and analysis of the production of
low-potassium pellets from EFB. A series of experiments on the hydrothermal
upgrading of EFB, potassium removal, pelletization of treated EFB and fertilizer
evaluation of leachate have been conducted. Complete explanation of the research will
be presented in 6 (six) chapters. Four main chapters in this thesis are devoted to main
contents of this research. They are in Chapters 2-5. Chapter 1 and 6 are the introduction
and conclusion with recommendation of this research, respectively.
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Chapter 1 explains the background of the research. The increasing importance of the
utilization of renewable biomass energy is described along with the overview of the
biomass itself. The composition, the global potential for energy production, and the
thermo-chemical application challenges of palm empty fruit bunch (EFB), as the main
feedstock in this research, are summarized in this chapter. Lastly, the description of
each main technology that is adopted in this research to deal with the low energy
density, low bulk density, and high slagging fouling tendency biomass were reviewed.
Furthermore, literature reviews on the application of the technologies were covered.
Finally, the objectives of this research were stated.

Chapter 2 deals with the hydrothermal upgrading of EFB waste biomass in lab-scale to
investigate the improvement of the fuel qualities into value added solid fuel. The
description includes the experimental method, results and analysis on the effect of
varying operational condition to the product characteristic i.e the heating value, the
appearance, the chemical changes, the combustion characteristics and the effect of HTT
on the slagging and fouling behavior of the biomass. The mechanism of HTT is also
investigated by the Van Krevelen diagram and the FTIR analysis. From the result, a
preferable HTT condition is drawn for large-scale production of solid fuel from EFB.

In Chapter 3, the removal of the potassium content by combination of HTT and the
water washing is described further in detail. This chapter presents the potassium
removal behavior during HTT process and washing experiment, including the effect of
the solid to water ratios on the potassium removal, and fuel properties after the washing
process. Explanation on the improvement in its deposition tendency after both processes
by calculating the slagging and fouling indices will also be included in this chapter. The
combustion properties by TGA and the FTIR analysis of the washed and unwashed
hydrochar were also discussed in this chapter.

Chapter 4 aims to investigate the comparison of the pellets produced from raw EFB,
and the hydrothermally treated EFB (hydrochar) as well as the washed hydrochar. The
physical property, the mechanical strength, the durability and the hydrophobicity of the
produced pellets from each sample were evaluated. From the analysis, it was found that
the changes in the composition of EFB biomass due to HTT and the washing process
regulate the pelletization behavior and affect the bonding mechanism during the
pelletization. In conclusion, the promising combination of the pelletization, HTT, and
the washing co-treatment can be drawn from the investigation results for upgrading
biomass into clean, energy dense, homogenous, friable, durable and hydrophobic solid
fuel.

Chapter 5 discusses about the possibility to use the leachate from the washing process
of HTT-EFB for agricultural purpose. The properties of the leachate were analyzed for
its macronutrient, pH and EC. The phytotoxicity effect of the leachate on the plant
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growth by means of seed germination was also performed and discussed in this chapter.
The result will then be used to decide the safety approach when applying the leachate
back to the palm oil plantation.

Chapter 6 will summarize the overall results, and some recommendations for further
work or implementation of this research are suggested.
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Chapter 2. Hydrothermal upgrading of Empty Fruit
Bunches

Abstract: The lab scale investigation on hydrothermal treatment (HTT) of waste EFB
was performed in order to upgrade the fuel qualities of the biomass into value added
solid fuel. The HTT experiments were conducted using a commercially available
batch type autoclave reactor. Four reaction temperatures were investigated at 100,
150, 180, and 220°C with the holding time of 30 minutes. The results indicated that
the fuel qualities of the product was improved after HTT; such as a higher carbon
content, a higher energy density, a lower O/C and H/C ratios compared with the raw
feedstock. The calorific value of the EFB was increased from 17 MJ/kg to
approximately 20 MJ/kg after HTT, which is equal to low-grade sub-bituminous
coal. The mechanism of HTT is also investigated by the VVan Krevelen diagram and
the FTIR analysis. Considering the energy yield and ash content, HTT at 180°C is
found to be most favorable for large-scale production of solid fuel from EFB.

2.1 Background

As described in Chapter 1, some inherent properties imposed by raw EFB become
challenges in its combustion, including high moisture, low energy density, hygroscopic
nature, low heating value and high alkali content, limiting its usage as energy resources.
Raw EFB was known to have low bulk density with high moisture content, making it
difficult to be burnt or gasified with high efficiency and low emissions [1]. Moisture in
biomass generally decreases its heating value [2]. The poor grindability of EFB can
cause serious problems especially when the biomass is used in the pulverized system
such as co-firing with coal [3, 4]. Moreover, very high load of untreated biomass is
required to generate an equivalent amount of energy from coal due to its relatively low
carbon content [5]. The ash content in EFB, particularly the alkali content and chlorine
content, also poses an issue in the combustion furnace fouling and corrosion.

Since the objective is to produce durable pellets from EFB, the hydrothermal treatment
(HTT) is employed in order to upgrade this biomass. A series of experimental lab-scale
HTT was conducted at various temperatures and fixed holding time. It is expected that
the product after HTT has better fuel qualities for solid fuel; for example the carbon
content should be improved, thus energy content also improved. The product also has to
be more hydrophobic, simply to make the pellet more resistance to the surrounding
humidity for longer storage. The broken down of the lignocellulosic structure and the
increase in the lignin content also expected for better pelletization. Furthermore, the
mechanism of the effect of HTT on EFB has been investigated as well.

21



2.2 Material and method
2.2.1 Biomass material

The EFB samples was harvested in 2010 and collected from private palm oil mill
company, Waris Selesa Sdn. Bhd., in Sabah, Malaysia. The samples were received in
milled and dried condition from the company, with a uniform particle size ranging from
10 - 20 mm. The samples were stored in sealed plastic bags at the room temperature
until use for experiments.

222 HTT

The HTT experiments were conducted using a commercially available batch type
autoclave reactor (MMJ-500, Japan) with the reaction vessel volume of 500 ml. The
facility consists of a reactor equipped with an automatic stirrer, a controllable electrical
heater and a condenser. The detailed configuration of the facility is illustrated in Figure
2-1. In this experiment, 10 grams of EFB and distilled water in 1:10 biomass-water ratio
was supplied to the reactor. Argon gas was used for purging operations in order to
create oxygen-free environment inside the reactor. The reactor temperature was set at
100, 150, 180, 220°C, respectively, with the holding time of 30 minutes. After
completed, the product was discharged from the reactor. The solid part was separated
from the liquid by using the vacuum filtration, then oven dried at 105°C for 24 h, and
stored in a sealed bag before further analysis. The liquid part was filled in the bottle and
kept in a refrigerator. All HTT at four temperatures were conducted with the repetition
at least three times to ensure the reproducibility and the consistency.

Pressure
Sensor

———*—— Motor
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Figure 2-1. Lab scale hydrothermal apparatus (adapted from [6])
2.2.3 Analytical method

2.2.3.1  Ultimate analysis and HHV
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The determination of the CHNS and CI of EFB samples was performed using Vario
Micro Cube Elemental Analyzer (Elementar, Germany), where oxygen was determined
by difference as dry basis. The ultimate correlation by Channiwala and Parikh (2012)
was used to estimate the HHV of the samples. Kieseler (2013) pointed that this
correlation gives the most accurate result compared to the proximate correlation and the
Dulong-formula ultimate correlation for hydrothermal treatment chars [7]. The
correlation is given below:

HHV =0.3491 C+1.1783 H+0.1005 S—0.1034 O—0.0151 N—0.0211 Ash (1)

2.2.3.2 Potassium content

The potassium element was analyzed by atomic absorption spectrometry (AAS) method
using Z-5010 Polarized Zeeman Atomic Absorption Spectrophotometer (Hitachi, Japan).
Preliminary treatment is required to decompose the biomass matrix and dissolve the
inorganic elements into solution, allowing them to be introduced into the determination
step. The biomass samples were digested using hot-plate digestion method. For the
analysis, 0.5 g of the dry solid sample or 2 ml of the liquid sample was added with 3 ml
HNO; 1.38 g/ml and 5 ml HCIO, 60%. After the acid pretreatment, the solution was
filtered and diluted to a proper volume for potassium content determination by AAS.

2.2.3.3  X-Ray Fluorescence Analysis

The ash compositions of untreated and treated EFB material were analyzed using the X-
ray fluorescence (XRF) technique. For the XRF analysis, the sample was well ground
into powder (i.e., particle size 250 um) and around 2 g of EFB sample was used to
determine the ash composition by S2 Ranger energy dispersive X-ray fluorescence
spectrometer (Bruker AXS, Germany).

2.2.3.4  Thermo-gravimetri Analysis

The thermogravimetric analysis (TGA) was carried out by using a non-isothermal TGA
analyzer (Shimadzu D-50 simultaneous TGA/DTA analyzer). Thermal decompositions
under oxidative atmosphere were conducted by loading a sample of approximately 10
mg into a crucible. Then the samples were heated by a constant heating rate of
10 °C/min to minimize the heat transfer limitation [8, 9]. Air was used at a constant
flow rate of 150 ml/min and the samples were heated from the ambient temperature to
900 °C. At least, three runs were completed for each sample to confirm the
reproducibility. The mass loss (TG) and derivative curves (DTG) were continuously
collected and represented as a function of time and temperature.

2.2.3.5  Scanning Electron Microscopy
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Both raw and HT-EFB samples were mounted onto the surface of standard SEM stub
using carbon tape. The samples were then placed into ion sputter coater MSP-1S
(Shinkuu, Japan) where Pt-Pd was deposited on the surface of sample to provide a
conductive coating. Scanning electron microscopy (SEM) was performed by the JSM-
6610LA scanning electron microscope (JEOL Co., Ltd. Japan). A voltage of 10 kV with
magnification of 430 times was used for the images collection.

2.2.3.6 Fourier transform infrared spectrometry (FTIR)

The Fourier transform infrared spectrometry (FTIR) was done by the JIR-SPX200 FT-
IR spectrometer (JEOL Co., Ltd. Japan) to investigate the mechanism of HTT. The
procedure name is "KBr pellet method", which is traditional method for transmission
measurement. The fine sample is grinded and mixed with KBr, then pelletized. Then, it
was scanned from 400 to 4000 cm™ with the resolution of 4 cm™.

2.2.3.7  Liquid HTT residue analysis

Trace elements including heavy metals in the sample are analyzed using ICPE-9000
(Inductively Coupled Plasma Emission Spectrometer) (Shimadzu, Japan). The total C in
liquid residue was determined using Total Organic Carbon Analyzer TOC-5000
(Shimadzu, Japan) while the total N was determined using Nitrogen Measuring Unit
NM-1 attached to TOC-VE (Shimadzu, Japan). The pH and EC values were analyzed
for the liquid sample using the pH and EC meters while those for the raw EFB was
analyzed in a 1:10 raw EFB/distilled water solution following a 15-min mixing.

To evaluate the phytotoxicity of the liquid, a germination test was performed. Twenty
seeds of komatsuna (Brassica rapa var. perviridis) were placed in a petri dish containing
special filter paper (Tanepita, FHK, Japan), added with 3 ml distilled water as control,
or the liquid HTT samples. The liquid HTT samples were diluted to different solutions.
The petri dishes were then incubated at 25°C for 96 hours in the dark room. Three
replicates were set out for each treatment, including distilled water that was used as a
control.

After incubated, germinated seeds were counted, and the root and the shoot length were
measured. The GI was then calculated using the Germination Index formula [10] as
follows:

Germination index (GI) = SixMRL %100
S¢c XMRL
Where,
S = average number of seed germinated in the sample
Sc = average number of seed germinated in the control
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MRL; = average of the root length in the sample
MRL. = average of the root length in the control

Data were analyzed statistically using ANOVA provided by Data Analysis ToolPack of
the Excel and means were compared by Fisher's Least Significant Difference (LSD) test
at 5% probability level to determine the significant difference among the various
treatment [11].

2.2.4  Process analysis

The process analysis of lab scale solid fuel production from EFB was conducted to
calculate the mass and energy balances, so that the system performance and estimated
energy consumption and recovery can be obtained. Some assumptions were also made
for these calculations.

2241 Mass balance

The mass balance equations measured two main material flows of water and solids. The
amount of the products was determined between each experiment within the control
volume as follows:

* Input and output of the small-scale autoclave facility for HTT,

» Input and output of the vacuum filtration,

* Input and output of the drying.

The mass balance equation can be assumed as the following equations:

Mgrp + Madded water = MuTTEFB T Moff—gas (2-1)
Where

Mgpp = dried EFB input mass

Myaded water = Mass of the additional water supplied to the autoclave

MyrTEFR = products mass after the treatment including the condensed steam
Moff-gas = blow-off gas output of the condenser (by the difference)

Murrere = Myiltrated solid T Mriltrate (2-2)
Where,

MyrTEFB = mass of treated EFB being filtrated

Myiitrated solid = mass of the filtrated solid after vacuum filtration

Meittrate = mass of the filtrated liquid after vacuum filtration

Mfiltrated solid = Mdried solid + Meyap moisture (2'3)
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Where,

Myiitrated solid = the filtrated solid that being dried
Myried solid = mass of the dried solid after drying, assumed as totally dried
Mevap—moisture = evaporated moisture during drying.

2.2.4.2  Energy balance

Since the main objective of this work is to produce solid fuel products, expectedly with
greater heating values and to recover energy from EFB biomass, there is a special
interest to discuss about the energy consumption and the energy recovery of the
proposed lab-scale HTT process. Here, an ‘‘Energy Output/Input Ratio’” is adapted to
estimate the net energy efficiency [12]. The ratio was defined as the ratio of the energy
content of the product to the energy input. The equation is as follows:

output . HHV of product xXdried mass
- ratio = /
input

Energy (2-4)

Energy input

Where,

HHYV (dry basis) = the higher heating value of HTT-EFB
Dried mass = dried HTT-EFB after the drying, and
Energy input = calculated by equation (2-5)

Energy input = [mEFB- Cp- (Tyr — Tzs)] + [Myater- (hg,T - hl,TZS)] (2-5)

Where,

mgpg = dried Raw-EFB mass

Cp = the specific heat of Raw-EFB

Tuyr = the specific temperature for each HTT experiment

T,s  =the room temperature, assumed to be 25°C

hgr  =the enthalpy of the saturated vapor at the specific temperature
h; 25 = the enthalpy of the saturated liquid at 25°C

m,,ater = the water added

For the simplification of calculation, some assumptions have been made as follows:

* The water was heated from 25 °C to the saturated vapor water state in each specific
temperature.

*  The energy consumption of the electrical stirrer and other electrical utilities were
neglected.

* The energy utilized in the vacuum filtration has also been neglected.
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* The energy used for water evaporation was estimated by multiplying the amount of
moisture evaporated in the drying with a latent heat for evaporation of water (2.26
MJ/Kg).

The specific heat of raw EFB was assumed to be 1.48 kJ/kg-K [13]

2.3 Result and Discussions
2.3.1 Mass yield and energy value of hydrochars

HTT of EFB was performed in hot compressed water at temperatures of 100, 150, 180,
and 220°C for 30 min. The mass (solid) yield data were collected and the HHV, energy
densification ratio, and energy yield of the hydrochars were calculated. The results were
summarized in Table 2-1. The produced hydrochars are denoted as HTT with the
number showing the temperature under which the hydrochars were produced.

The calculation for the mass yield, energy densification ratio, and energy yield were
based on literature [14] and defined as follows:

dried mass of hydrochars
dried mass of raw EFB

Mass yield = X 100% (2-6)

HHV of dried hydrochars
HHV of raw EFB

Energy densification ratio = (2-7)

Energy yield = Mass yield X Energy densification ratio (2-8)

As shown in Table 2-1, HTT temperature had a significant effect on the mass yield, the
energy densification ratio and the energy yield of the produced hydrochars. Hydrochar
yields showed a decreasing trend with the increasing temperature, as a higher solid
recovery was found in the lower temperature. The mass yield of 91.4% was observed at
the temperature of 100°C, and then decreased to approximately 80.4%, 69.3%, and
55.7% at the temperatures of 150, 180 and 220°C, respectively. Liu et al. (2013)
reported a solid yield of hydrothermally carbonized coconut fiber and eucalyptus leaves
are 70% and 65% at the temperature of 200°C, respectively [15].

In accordance to the mass vyield, increasing the temperature led to a decrease in the
energy yield, while the energy densification ratio increased. The HHV of hydrochars
increased positively with the temperature. HTT-220 hydrochar has a heating value
which almost equals to a low-grade sub-bituminous coal (approximately 20 MJ/kg [16]).
Thus, it may be possible to use the HTT products as a solid co-firing fuel with coal. The
likely explanation for the elevated HHV is that HHV highly correlated with the
elemental composition of the hydrochars. The changes in the chemical composition of
EFB during HTT will directly affects the energy contained in the biomass. The
chemical changes in EFB during HTT will be discussed in detail in the next sub-chapter.
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Table 2-1. HHV, mass, energy yields of the raw EFB and the corresponding hydrochars

Properties Raw HTT-100 HTT-150 HTT-180 HTT-220
HHV, dry (MJ/kg) 16.7 16.8 175 18.0 19.6
Mass yield (%) 914 80.4 69.3 55.7
Energy densification ratio 1.01 1.05 1.08 1.17
Energy yield (%) 92 84 75 65

The calculated energy densification ratio increases with the increase of the reaction
temperature, from 1.01 at 100°C to 1.17 at 220°C. As shown in Table 2-1, generally a
high energy yield was obtained at the low temperature of HTT (average of 88% at
temperature lower than 180°C), while at the high temperature of 220°C the lowest
energy yield was obtained (65%). During the HTT, the decomposition of lignocellulose
is more severe at a higher temperature, leading to the higher mass loss at 220°C which
is dominated by the decomposition of the hemicellulose component.

2.3.2 Physicochemical characteristics of hydrochars

The physicochemical characteristics of the hydrochars were evaluated via ultimate
analysis, which is shown in Table 2-2. The ultimate analysis of raw EFB is also
presented as a comparison between the elemental values of hydrochar before and after
the pretreatment.

Table 2-2. Chemical characteristics and properties of the raw EFB, and the hydrochars

Weight Percentage (wt%), dry

Element

Raw HTT-100 HTT-150 HTT-180 HTT-220
Ash 49 4.6 3.4 2.2 41
C 43.56 44.07 45.25 46.43 49.98
H 5.34 5.24 551 5.57 5.38
N 0.56 0.79 0.59 0.4 0.77
S 0.11 0.08 0.09 0.03 0.09
Cl 0.67 0.23 0.26 0.18 0.5
O (diff) 44.86 44.99 44.9 45.19 39.18
K (%DM) 3.24 1.46 1.48 0.84 0.9

The elemental compositions of hydrochars were evidently altered by HTT, particularly
at the HTT temperature of 220°C. The HTT decomposes the EFB biomass material and
yields products with higher carbon content. The HTT temperature affects the carbon
fraction which steadily increases with the increase of the HTT temperature. HTT-220
hydrochar shows the maximum increase of the carbon content, with an increase of
14.7%, compared to raw EFB. The maximum decrease of oxygen was also observed for
HTT-220, as a result of the carbonization process, representing the removal of this
element during HTT process.
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Figure 2-2. The SEM images of EFB hydrochars (A= raw EFB, B=HTT-100, C=HTT-
150, D=HTT-180, E=HTT 220).

The decomposition severity also can be seen from the close observation of hydrochars
by means of the electron microscopy techniques (SEM). The clear comparison on the
morphology structure of the raw EFB and its corresponding hydrochars can be seen in
the SEM images depicted in Figure 2-2. The SEM images revealed morphology
changes of the raw EFB after HTT, and the morphology difference among the
hydrochars obtained at different temperatures. The SEM image of raw EFB (Figure 2-
2(A)) shows the lignocellulosic cellular structure that is not yet damaged by the HTT
process. Hydrochars at low HTT temperatures (100 and 150°C) show no significant
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transformations, only a light rupture on the surface of the biomass was seen, indicating
that a low HTT temperature (under 150°C) is not enough to decompose the fibrous
structure of EFB. However, porous structure and some breakdown of the lignocellulosic
materials were observed for the hydrochars obtained from HTT at higher temperatures.
Moreover, numerous globules and some fibers were detected on the surface of HTT-220
hydrochar. The globules are possibly formed by partial degradation of cellulosic
component and subsequent precipitation followed by the growth as sphere [17]. The
fibers are thought to be lignin that is not undergoing degradation at 220°C, due to its
thermal stability.

The obtained hydrochars contained a lower amount of ash compared to the raw EFB,
ranging from 2.2 to 4.6 wt% (Table 2-2). The ash content was significantly reduced
after HTT, progressively with the increase of the temperature. Inorganic material in the
form of either loose dirt from harvesting or loosely bonded in a cross-linked matrix is
removed during the HTT process leading to the decrease of the ash content. There is
also some expectation that additional acidity produced in HTT may solubilize and
remove inorganics [18]. The inorganic solubilization from EFB was increasing with the
increase of the severity of the HTT conditions. Nonetheless, HTT-220 hydrochar
exhibited a higher ash content compared to HTT-180 hydrochar. Under a higher HTT
temperature, EFB becomes more porous as all the hemicelluloses and extractives will
be reacted and much of the cellulose will be reacted as well [19]. Porous structure might
absorb some inorganics, which might explain the increase of the ash content of HTT-
220 hydrochar, as compared to HTT-180 hydrochar. The bigger pore size observed in
the microscopy observation also supports this reason. The use of the low-ash
hydrochars as fuel will be advantageous because it will reduce the potential of solid
deposition on combustor surfaces that commonly found for combustion of high-ash fuel
[20].

The CI content decreased with the increasing HTT temperature, with the maximum
decrease was seen for HTT at 180°C (see Table 2-2). The high chlorine and alkali
contents of some biomass actually raise concerns regarding corrosion. The chlorine
concentration should be minimized in all cases. Therefore, lowered Cl content after
HTT-180°C is benefit in reducing the problems in the combustor, particularly the
corrosion concern.

However, at higher T (220°C), the CI content was seen increasing. Many researches
were also reported that the behavior of the inorganics during hydrothermal
carbonization is largely unknown and there is also little evidence on how the ash
content is dependent on the process parameters [15, 21]. The reason why chlorine
increased at HTT 220°C after the optimum chlorine decrease at the temperature of
180°C is because the chlorine content (as well as other inorganic content) was highly
related to the ash content in the samples. As the ash content in the samples increased
(increased in the HTT-220 hydrochars), the percentage of the chlorine also increased.
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There are 2 hypotheses to explain this phenomenon. Firstly, under higher temperature
(220°C) the degradation of the hemicelluloses and cellulose is faster than the
solubilization of the ash (inorganic constituents), thus resulting in the higher ash content
in the produced hydrochar. This increase in the ash content observed with the treatment
severity was due to the loss of solubilized biomass. In other words, the measured ash
was due to enrichment in the sample due to loss of organic content [22].

Secondly, at a high temperature (220°C), all the hemicelluloses and extractives have
been reacted and some part of cellulose has reacted as well, leaving behind a porous
solid which is also shown in the SEM images (Figure 2-4). As explained previously, the
porous structure might absorb some inorganics, which might explain the increase in the
ash content and inorganic contents (K, ClI, etc) [19]. This hypothesis was consistent with
previous reports [15, 21] which had reported that the ash might become less soluble and
precipitated from solution at higher temperatures and pressures. The precipitated ash
might be left in the porous structure of the hydrochar. The report [21] suggested that
carbonization conditions should be optimized to obtain a hydrochar with the desired ash
content. The presence of Cl content in the hydrochars by mapping using SEM-EDX
(Energy dispersive X-ray) analysis was also conducted and shown in Figure 2-3.

100 pm CIK 00— 100 pm CIK e 100 pm

Figure 2-3. Mapping of the chlorine content on the hydrochar surface by SEM-EDX

Table 2-3. Elemental metal analysis of hydrochar by SEM-EDX

Sample Na (%) K(®) Mg((%) Ca(%) CI(%) Si(%)

Raw 0.7 56.1 2.7 10.4 8.1 22.0
HTT-180 N/A 48.7 5.7 254 3.3 16.9
HTT-220 4.2 45.0 9.3 13.4 8.5 20.0

EDX analysis has shown that the white dots seen on the surface of the raw-EFB
particles have high concentration of Cl. On the surface of HTT-180 hydrochar, the
white dots were seen reduced, and more dots had appeared on the surface of the HTT-
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220 hydrochar. The characterization of the hydrochar samples using SEM-EDX has
shown that substantial removal of Cl is taking place after HTT at 180°C. Nonetheless,
some Cl was stayed on the surface and in pores of the HTT-220 hydrochar probably due
to re-absorption or precipitation of the element. The elemental analysis of the
hydrochars by SEM-EDX also showed the increase percentage of Cl in the surface
particle of HTT-220 hydrochar (see Table 2-3). However, SEM-EDX provides only
semi-quantitative results and thus they cannot be used for an accurate estimation.

The results showed here implied that the fuel qualities of the hydrochars are improved
compared to its parent biomass, having decreased oxygen and ash contents, and
increased carbon content and HHV. The resulting hydrochar has the potential to be a
satisfactory solid fuel for either direct combustion or co-combustion with coal. A higher
reaction temperature produced relatively higher HHV especially at 220°C, but
considering the energy yield and the ash content of the product, HTT at 180°C seems
more favorable for the large-scale production of solid fuel from EFB. Moreover, the
HTT reaction at a lower temperature and lower pressure results in less energy
requirement and lower capital/operating costs.

2.3.3 Mass balance and energy balance

2.3.31 Mass balance

Figure 2-4 shows the input and output streams in the experimental lab-scale HTT
process. The input streams includes the EFB and distilled water in 1 : 10 biomass to
water ratio. The final dried solid product was obtained upon the drying of wet filtrated
solid. In this study, the quantity of blow off gas is determined by balance and not
measured directly.

Filtrated
solid
24.4(g)

Dried
solid
6.9(g)

Treated
product
104.8(g)

EFB
10.1 ()

N

Water
100.5(g)

Hydrothermal
Treatment

Vacuum
Filtration

Drying

Blow off
gas
38(g)

Filtrate

80.4(g)

Evaporated
moisture
17.5(g)

[ ]

Figure 2-4. Mass balance for HTT of EFB at the temperature of 180°C

Approximately, 10 g of dried EFB was used in each experiment. Since the recovery of
the treated product was conducted after the reactor temperature cooled down to under
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the vaporization temperature of water, the product after HTT recovered is around 104.8
g which is equal to 93.8% of the total mass input. The final dried solid is around 6.9 g,
which is equal to 6.3% of the total mass input to the system.

Table 2-4 Mass balance in the HTT process of EFB

Condition Hydrothermal treatment (%) Filtration (%0) Drying (%)
(°C, 30 EFB and water  Treated Blow off Filtrated . Dried Evaporated
; ; : Filtrate . .
min) input product gas solid solid moisture
100 100 91.3 8.7 25.8 65.5 8.3 17.5
150 100 915 8.5 24.8 66.6 7.3 17.5
180 100 93.8 6.2 215 72.3 6.3 15.2
220 100 90.9 9.1 14.7 76.2 5.1 9.6

All the experiment mass balance results are shown in Table 2-4. To simplify the
calculation, the mass of system input was taken as the datum (100%). Dewatering by
vacuum filtration resulted in quite large amount of filtrate at around 65.5%; and this
liquid amount was increasing with the reaction temperature increased. Inversely, the
moisture that needs to be removed by drying is decreased with the increasing the
reaction temperature. This shows that the product obtained at a higher temperature has
a better dewatering and drying performance. However the final dried product was seen
to be decreased, from 8.3% at 100°C to 5.1% at 220°C. This is in consistent with the
decreased mass yield at a higher HTT temperature discussed in the previous sub-chapter.
The higher treatment temperature means more severe condition was applied; thus, the
raw EFB was decomposed severely leading to a lower dried recovered mass.

2.3.3.2  Energy balance

The energy balance calculation result of the lab-scale HTT is summarized in Table 2-5
by taking the percentage of the total energy input (100%) as the datum. Some
assumption has been taken for this calculation. From the assumptions, the energy input
may be approximated by the energy required to heat the reaction input, in this case EFB
and added water, from room temperature (Ts) to the specified reaction temperature (T+).
The recovered energy (output energy) from the final product was the multiplication of
the HHV of HTT-EFB and its dried mass.

As shown in Table 2-5, all the calculated energy output/input ratios were <1.0,
suggesting that the present HTT operations in the batch reactor were energy inefficient.
The explanation for this is that the water to biomass ratio (1:10) used in this experiment
is too high. Thus, energy input was mostly used for heating up the water. For all of the
experiments, the EFB utilized is in dried form, then we needed to add water in ratio
1:10 (biomass to water) to make sure the submerged condition of the sample inside the
reactor due to bulky nature of EFB. Taking 8.1% of the total energy input for drying,
the 220°C HTT demonstrated the best drying performances. However, the energy
required for HTT was the highest leading to the lowest energy output/input ratio. The
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highest energy output/input ratio was obtained under the 100°C treatment condition
while the required energy for drying was the highest; showing that the larger moisture
content was left after the filtration process, which means low dewaterability compared
to other conditions. Its energy used in HTT was 85.6% of the total energy input and the
required energy for the filtration and drying was 14.4% of the total energy input.
Admittedly, due to the above assumptions, the obtained energy output/input ratio can
only be an approximation, which may however be used for qualitative discussion of the
net energy efficiency for the investigated process.

Table 2-5. Estimated energy produced and utilized

Condition  Energy output Energy |n!out (%) 0 Ene;;gy ¢
(°C, 30 min) (%) HTT Filration & u ?’l;tionpu
Drying
100 50.7 85.6 14.4 100.0 0.51
150 45.4 85.9 14.1 100.0 0.45
180 40.6 87.7 12.3 100.0 0.41
220 36.9 91.9 8.1 100.0 0.37

It was realized that in the real application, biomass to water ratio 1:10 is not applicable
because too high energy will be utilized for heating up the water to the target
temperature. As explained before, the ratio of 1:10 used in the lab scale autoclave was
needed to make sure that enough water was available to submerge the EFB samples to
ensure complete sample mixing during HTT. In the large scale, big mixing blade is
utilized to mix the sample and the steam will be supplied accordingly until reaching the
target temperature we set. To determine the steam supply (or water consumption) in the
large scale, it can be calculated based on this equation (adapted from Prawisudha
(2013)) [23] :

Energy Energy Energy Energy
for steam ( from from from
injection ( — steam motor utility

phase @injection @inj. @in;j.
Energy Energy Energy
= {to heat } + {to heat } + {to heat }
reactor EFB water

In this calculation, assumptions were made as follows:
1. The process was performed in saturated liquid phase.
2. The specific heat of Raw EFB was assumed to be 1.48 kJ/kg.K [13].
3. The hydrothermal reactor model was derived from a technical drawing of the
plant utilized in Prawisudha (2013) [23] and the dimensions was shown in
Table 2-6.
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4. The energy from motor and energy from utility during injection were
neglected.

Table 2-6. Tank Dimensions and Operational Data (adapted from [23]).

Tank Operational Data

Tank volume vV m 3

L/D X - 2
Tank pressure P MPa 3
Safety Factor SF - 1.7
Material Steel, structural
Yield strength o MPa 345
Density p  kg/m? 7850
Specific heat cp kJkg.K 0.456
Tank Dimension

Tank diameter D M 1.24
Tank length L M 2.48
Tank thickness t mm 18.3
Tank Plate Properties

Plate volume vp m 0.2131
Plate mass Mp kg 1673.1
Heat capacity Cp kIK 762.9

Therefore, to calculate the water consumption at the injection phase, the below equation
was adopted from Prawisudha (2013) [23] as follows:

mwater,i(hsteam (T,p) — hwater (To))

Where

= [mreactor- Cp,reactor(T - TO)] + [mEFB- Cp,EFB (T - TO)] +

[X- MEFB (hsat m — hyater (TO))]

Myyater,i = accumulative water consumption at the injection phase (kg)
hsteam (,py = €Nthalpy of steam at the operational T and P (kJ/kg)

hwater (Ty) = enthalpy of water at the initial temperature T,= 25°C (kJ/kg)
Myeactor = reactor mass as a single metal body (kg)

Cp,reactor = reactor specific heat (kJ/kg.K)

MEgRp = dry EFB mass (kg)

Cp,EFB = dry EFB specific heat (kJ/kg.K)

X = moisture content, wet base (kg/kg)

hsae (1) = enthalpy of water at the saturated liquid temperature T (kJ/kg)
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From the calculated result, to heat up 1 ton raw EFB feedstock with 60% moisture
content to the operation temperature of 180°C and pressure 1 MPa in the commercial
scale reactor, the water consumption (steam supply) needed is 678.6 kg. As a result, the
biomass (wet) to water ratio becomes approximately 1: 0.68. It can be noted that if the
energy from motor and utility were not neglected, the water consumption might be
lower than the result in this calculation.

From previous investigation on commercial scale HTT of municipal solid waste (MSW),
Prawisudha [24] stated that around 700 kg water is consumed for 599 kg input raw
MSW; given an approximately 1:1 biomass to water ratio. Other investigation by
Areeprasert on pilot-scale HTT of paper sludge [25] showed for input paper sludge
(moisture content 76%) as much as 351 kg, it will utilized 138 kg of steam; giving a
ratio of 1:0.5. Therefore, to give a picture of energy balance for HTT EFB in bigger
scale, the energy balance will be re-calculated assuming that the biomass to water ratio
is 1:0.68 based on the above calculation and presented in Table 2-7.

Table 2-7 Re-calculated energy balance assuming biomass to water ratio 1:0.68

Condition  Energy output Enerqy |n!out (%) 0 Enet';?y ¢
(°C, 30 min) (%) HTT Filration& u ?’l;tionpu
Drying
100 709.8 86.3 13.7 100 7.10
150 616.7 87.0 13.0 100 6.17
180 541.0 88.8 11.2 100 541
220 478.3 92.9 7.1 100 4.78

From Table 2-7, we can see that the energy input percentage for HTT phase and
filtration and drying phase is slightly different with the previous calculation, but still
comparable. However, a significant difference can be noticed for energy output/input
ratio that now >1.0; implied that now the system is more efficient. Therefore, it can be
understood that the biggest energy consumption will be mainly the energy need for
heating up water (and moisture) or for generating steam.

2.3.4 Combustion characteristics

The combustion characteristics of raw EFB biomass and hydrochars were depicted in
the thermal gravimetric (TG) and differential thermal gravimetric (DTG) profiles as a
function of the processing temperature in Figure 2-5. The combustion characteristic was
investigated via combustion of HTT-180 and HTT-220 samples, along with the raw
EFB sample for comparison.
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Figure 2-5. TG and DTG curves of raw EFB and its corresponding hydrochars in
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oxidative atmosphere (a=raw EFB, b=HTT-180, c=HTT-220).

Table 2-8 summarizes the characteristics temperatures and peak points of the
combustion process. To note, the TG and DTG curves plots were started from the
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temperature above 140°C where the water evaporation stage finished. Overall, from the
DTG curves, it was clearly seen that there are two peaks present in the combustion of
raw EFB, in contrast with the combustion of corresponding hydrochars that have only
one obvious peak.

From Figure 2-5(a), the raw EFB combustion appears in two stages; the first stage is
between 235 and 337 °C, and the second stage is between 388 and 431 °C. The
temperature region of 200-400 °C is typical for the decomposition of hemicelluloses
and cellulose [26]. The defined peaks appeared in both stages of the raw EFB
combustion are in agreement with the hemicelluloses and cellulose contents of the EFB.
Increasing the temperature further from around 200°C resulted in the chemical bond
breakdown and the release of light volatile compounds. The less marked decomposition
at higher temperature above 450°C was indicative for the lower lignin content present in
the raw EFB [27]. This observation can be explained by changes in the composition of
EFB during HTT; the relative amount of lignin molecules was increased due to the
significant decrease of the hemicellulose fraction. The rate of destruction of the
polymeric structure of biomass typically depends on the reaction time, the temperature
and the reaction medium. In the hydrothermal degradation of biomass, the reaction
mechanism is initiated by hydrolysis, which exhibits lower activation energy of
hemicelluloses and cellulose than most of the pyrolytic decomposition reactions.
Therefore, the principle biomass components are less stable under hydrothermal
conditions, which lead to lower decomposition temperatures. In contrast with most of
the pyrolytic hemicelluloses decomposition that usually happen between 200 - 400°C,
hemicelluloses decomposes between 180 — 200 °C under HTT condition. It is also
favoring the rapid degradation and depolymerisation of these polymers into the water
soluble products like oligomers and monomers [21, 28]. Since the hemicelluloses starts
to decompose during HTT at 180°C, the initial combustion temperature for both
hydrochars was increased (Table 2-8) compare to the raw EFB which corresponds to the
loss of hemicelluloses after the HTT process.

Table 2-8 shows that the highest weight loss rate was appeared in the higher
temperature for HTT-180 hydrochar (at 285°C) and HTT-220 hydrochar (at 295°C).
This implies that the hydrochars have lower reactivity compared to raw EFB as the
temperature at the maximum weight loss rate is negatively proportional to the reactivity
[29]. In Figure 2-5(b) and 2-5(c), one sharp peak appears in the temperature range of
200-300 °C obviously, and a smaller peak is observable at the temperature above
400 °C. The first peak shows that the combustion occurred was quick and intensive with
significantly high maximum weight loss rate of 4.01 mg/min and 3.74 mg/min for HTT-
180 and HTT-220, respectively. Meanwhile, the smaller peak above 400°C is indicative
for the combustion of lignin content. The raw EFB relatively has more hemicellulose
content than the HTT treated EFB; hence, its primary combustion stage takes place at a
lower temperature near the range of the hemicellulose combustion temperature. As
explained previously, HTT decreased the hemicellulose content in EFB. More severe
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condition of HTT will lead to the lower content of hemicellulose. Then the weight loss
curve of the combustion process will be shifted to a higher temperature at which the
decomposition is mainly dominated by the cellulose and lignin degradation.

Table 2-8. The combustion characteristic parameters for the raw EFB and its
corresponding hydrochars

Initial First stage Second stage Final
combustion combustion Residue
Sample temperature -I;max DTGrmax -I;max DTGrmax temperature  (db,wt%)
C) (°C) (mg/min)  (°C)  (mg/min) C)
Raw EFB 198 258 1.09 398 0.87 467 5.0
HTT-180 225 285 4.01 456 4.3
HTT-220 215 295 3.74 451 4.1

The combustion of hydrochars shifted to a higher temperature but a narrower range
(from 198 — 467 °C for the raw EFB to 225 — 456 °C for HTT-180) compared to its
corresponding raw material. These elevated combustion temperatures demonstrate that
the hydrochars was combusted more homogenously, improved the combustion safety,
and suggested that a higher thermal efficiency could be achieved from the combustion
of hydrochars [2, 29, 30]. It was known that a low combustion temperature for biomass
is related to high pollutant emissions [30], thus with the elevated combustion
temperatures, the pollutant emissions might be reduced by the use of this EFB
hydrochars. In brief, it was observed that HTT at a mild temperature caused the
decomposition of hemicelluloses resulting in the change of the combustion behavior of
EFB; such as elevated combustion temperature regions and smaller differences in the
reactivity of the biomass components.

2.3.5 Mechanism of HTT
2.3.5.1  Van Kravelen Diagram

Under HTT process, the EFB biomass undergo a coalification-like process [20]. In
order to examine the effect of HTT on the atomic composition and to analyze the
chemical transformations that possibly take place during HTT, the atomic H/C and O/C
ratios of biomass and the corresponding hydrochars were plotted in a Van Kravelen
diagram. Van Kravelen diagrams allow for delineation of reaction pathways, where
straight lines were drawn to represent the dehydration and decarboxylation pathways
[31].

As discussed in the sub-chapter 2.3.2, HTT altered the chemical characteristics of the
raw EFB. The raw EFB has high atomic H/C and O/C ratios. The H/C and O/C ratios
were decreased with increasing the HTT temperature, even at the low temperature of
200°C, the ratios were far lower than that of raw EFB. The alterations was also resulted
in the significant decrease of the O/C ratio at 220°C compared to other lower operating
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temperatures, shifting the fuel value of the raw EFB from the biomass region at the top
right of the Van Kravelen diagram to a near peat region as illustrated in Figure 2-6. This
result shows that the hydrochar obtained by 220°C HTT was denser, since the
degradation of hemicelluloses and all extractives at HTT above 200°C enhances
densification [32]. In Figure 2-7, we can notice that there is no significant
compositional change for hydrochars at the HTT temperature lower than 180°C due to
the fact that the most easily reactive hemicelluloses and aqueous soluble do not start
reacting until the temperature reaches 180°C [32, 33].
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Figure 2-6. Van Kravelen diagram of raw EFB and its resulting hydrochar at various
HTT temperatures

It can be noticed from the depicted diagram that the dehydration is the predominant
reaction during HTT. The slope of the trajectories shown in Figure 2-6 suggests that the
O content decreased in proportion to the H content, probably due to the dehydration. It
is clear that the decrease in O and H content occurred mainly in the range of 180-220°C.
Generally, a fuel with low H/C and O/C ratios is favorable because of the reduced
energy loss, smoke and water vapor during the combustion process [15].

2.3.5.2 FTIR

When an infrared light source irradiates a sample, molecules in the sample can absorb
certain wavelengths of light, so that absorption bands appear in FTIR spectra. In general,
the infrared spectrum interval is divided into three areas: (1) near- infrared region,
12800-4000 cm *; (2) mid-infrared region, 4000—400 cm *; and (3) far-infrared region,
400-10 cm ' [34]. Based on the combined analysis of the two types of vibration
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frequency, the group frequency and the fingerprint frequency, the FTIR spectra of
samples can be interpreted.

Therefore, further insight into the chemical composition of the material may be
obtained by FTIR-ATR. In Figure 2-7, a comparison on the surface spectroscopy of the
raw EFB and the corresponding hydrochars processed at 150°C and 180°C is illustrated.
It should be noted that the peak around 2300 to 2400 cm™ was attributed to
uncontrollable CO, in the measurement environment. Determination of the main
functional groups for a given wave number is based on previous reports [33, 35].

As indicated in Figure 2-7, the FTIR spectra are assigned into five regions representing
the main identification peaks. It seems that there were some changes in the FTIR
adsorption peaks due to HTT, although the changes were not tremendous in FTIR
spectra of hydrochars.

According to identification peaks, the characteristic of the peak could be explained as

follows[20, 33, 35, 36] :

(1) Wide band at 3700 — 3000 cm™ is attributed to the O-H stretching vibrations in the
hydroxyl and carboxyl groups [36]. In relation to the raw-EFB, the intensity of the
peaks decreased with the increasing the HTT temperature. This band detects the
presence of water, indicating that with the elevated temperature, the water
molecules within solids were gradually expelled [20]. In other words, the
dehydration process was occurred during HTT. This also indicates that the
hydrochars is more hydrophobic compared to the raw EFB.

(2) A small double peak at 3000 — 2800 cm™ shows the vibrations of aliphatic C-H
compounds [27], suggesting the presence of aliphatic structures [36]. The
weakened peaks as the temperature elevated indicating that several long aliphatic
chains were broken down [20].

(3) The peak at 1700 — 1740 cm™ is attributed to the carbonyl (C=0) stretching
vibrations. This carbonyl can be assigned to C=0 of ketone or unconjugated xylan,
which identify the hemicelluloses components [33]. This identified peak becomes
weak with increasing the reaction temperature, since hemicelluloses start
hydrolyzing at the HTT temperature above 180°C [37] . The peak at around 1630
cm™ and at 1515 cm™ were unchanged during HTT, which correspond to C=C
stretching vibrations present in lignin [27] and aromatic skeletal vibrations derived
from lignin [20], respectively. The presence of these peaks marked the inert
behavior of lignin during HTT under a mild temperature.

(4) Several peaks at this region were indicating the characteristics of cellulose that
steadily present in HTT under a mild temperature considering the fact that the
cellulose hydrolysis starts above 220°C [35]. The peak at around 1270 cm™, 1130
cm™, and 1050 cm™ were appeared in the raw EFB, mostly indicating cellulose and
lignin, and they became more intense in case of the HTT-EFB. In particular, peak at
1050 cm™ was attributed to glycosidic bonds, indicating the presence of cellulose,
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becomes stronger with HTT severity, probably due to cellulose concentration
increasing [38].
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Figure 2-7. FTIR spectra of raw EFB and its derived hydrochar.

(5) The peaks at 900 — 700 cm™ and 700 — 400 cm™ were attributed to the C-H bend in
cellulose and hemicelluloses [38], respectively. As seen in Figure 2-7, the later
peak was disappeared at the temperature of 180°C, indicating the hemicelluloses
degradation. The 890 cm™ peak revealed the anomeric C-groups, the C1-H
deformation of cellulose that remained unchanged during HTT of 180°C [33].
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From the FTIR analysis, it can be seen that raw-EFB comprise of cellulose,
hemicellulose and lignin. Therefore, strong presences of single bonds components, such
as O-H, C-H and C-O bonds, were expected. However, some decrease of peaks (in
relation of Raw-EFB) suggested that the dehydration and the hydrolysis of
hemicelluloses processes occurred during HTT of EFB. This is consistent with the
previous analysis of O/C-H/C atomic ratio evolution based on Van Kravelen diagram.
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Figure 2-8. GC/MS chromatogram of the EFB liquid products of HTC process
(EFB/Temperature/22) (adapted from [39])

More clarification on the reactions that might occur during HTT can be obtained by
measuring the organic composition of the liquid HTT. However, the analysis on the
organic composition of the liquid HTT has not been conducted due to the limitation in
the equipment we have to analyze the organic component of such liquid product.
However, the analysis of liquid HTT from EFB with holding time 22 h has been
conducted by other researcher [39]. Figure 2-8 and Table 2-9 showed the GC/MS
chromatogram and the organic component detection of EFB liquid product from the
study, respectively.

From the analysis, it was found that the hydrolyzed products were not detected in the
liquid sample. This is attributed to the products of hydrolysis being further converted
through dehydration, and possibly depolymerization. The hydrolysis process occurs
efficiently in the relatively short time (~2h) [39]. Hydrolytic reactions are the major
solid surface reactions, where water reacts with cellulose or hemicellulose and breaks
ester and ether bonds (mainly B-(1-4) glycosidic bonds), resulting in a wide range of
products including soluble oligomers like (oligo-) saccharides, and 5-HMF from
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cellulose, and furaldehyde (furfurals) from hemicelluloses. With increased reaction time,
these oligomers further hydrolyze into simple mono- or disaccharides (e.g., glucose,
fructose, xylose). On the other hand, 5 HMF further hydrolyzes into levulinic and
formic acid [40]. The reaction pathway is illustrated in the Figure 2-9.

Table 2-9. Products detected in liquid extract after the HTC process at 180, 200 dan
220 °C for t = 22 h (adapted from [39])

ID no Compound Structure Formula Mw Retention Area (%)"
time (minute)

1 Acetic acid 0 C;H 405 60 2.06 24.15(+0.31)
N
O
2 Fentanoic acid, CeH 1204 116 239 2.03(x0.04)

|
2-methyl- N\n/‘:'
[n}
3 3-furaldehyde =\ 0 C:H{05 96 2.7 3 63(+0.12)
S

4 4 4-dimethyl-2- CHi 96 3.69 2.63(+0.00)
cyclopentene

S/
5 Furfural, 5-methyl 7 C:HO, 10 429 3.11(+0.04)
g
6 2-furancarboxylic acid, o] CzH=0s 140 431 2.39(+0.10)
3-methyl-, methyl ester 0 J{
Vs
7 Phenal o CgH0 94 446 17.21(+0.07)

8 Phenol, 2-methooxy- ] CHg0, 124 5.54 2.63(+0.06)
| = D‘x
=
9 Furfural, 5-hydroxymethyl 0 CeH:04 126 7.78 3.08(+0.08)
=C
10 Phenol, 2,6-dimethoxy- o CgHgD4 154 9.48 3.13(+0.05)

,ﬂﬁjﬁx

a Percentage area (Area %) is taken from the area under the chromatogram.
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Figure 2-10. Main reaction pathway of hemicelluloses hydrolysis (adapted from [41])
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Figure 2-11. Main reaction pathways of cellulose hydrolysis (adapted from [41])

Since the experiment in this reference was conducted in a longer residence time (22 h),
the unstable oligomers and sugar monomers further underwent dehydration process
(which yielded water) that forms furfural such as 3-furaldehyde and 5-methyl furfural
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(5-HMF) which also detected in the liquid sample as shown in the Table 2-9. Then, the
unstable hydrolyzed products can be isomerized which have the possibility to further
decompose into organic acids such as acetic and formic acid as explained in the
pathways shown in Figures 2-10 and 2-11. More volatiles substance, such as aromatic
and phenolic compounds, can be identified as the temperature increased. These
substances will continue to react and decompose further into acid such as pentanoic and
furancarboxylic acid and phenolic compounds, such as phenol.

Therefore, we can understand that the component from the liquid product can give more
description in explaining the reactions occurring during HTT. From the liquid analysis
results, it also showed that it was the hydrolysis and dehydration reactions that were
mainly occurring in these subcritical water conditions during HTT.

2.3.6 Treatment of the liquid HTT residue

From the water consumption calculation result in the large scale HTT reactor, it can be
seen that the biomass water ratio (1: 0.68) is far lower than the ratio in the lab-scale
HTT reactor (1. 10). Consequently, it is expected that in the large scale, there is no
significant liquid product produced after HTT process. Therefore, the consideration on
how to treat the liquid from HTT process actually can be neglected. However, if it
appears that there is liquid product produced, and the treatment of the produced liquid is
inevitable, the way on how to treat the produced liquid is needed to be investigated.

The investigation on the possibility to discharge it back to the environment (or
plantation) has been conducted. Similar to the liquid from washing process, the
properties of the liquid product like the macro- and micro-nutrients content analysis, the
pH and EC analysis, and the phytotoxicity test were also performed.

Macronutrients

The macronutrients content in the liquid HTT products were analyzed, and presented in
Figure 2-12. The solubilization ratio, defined as the ratio of the element content in the
initial EFB sample minus the content in the treated sample divided by the initial element
content, was calculated to know the HTT effect on the solubilization of the
macronutrients from EFB to the water medium. The solubilization ratios of the primary
macronutrients N, P, K are depicted in Figure 2-13. It can be seen from Figure 2-13 that
the HTT reaction temperature has a noticeable impact on the N, P, and K solubilization,
as it linearly increased with the reaction temperature increase, especially for K. The
maximum solubilization ratios for N, P and K are 37.2, 9.8, and 64.8%, respectively.
Nevertheless, the macronutrients concentration shown in Figure 2-12 is comparatively
not so high compared with those of commercial liquid fertilizers.
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Micronutrients

These micronutrients elements are presented in Table 2-10. From the qualitative
analysis, the heavy metal elements like Pb, Cd and Cr were in low detection or even not
detected (ND). Thus, all of HTT products are free from harmful risk of heavy metals.
The same trend as macronutrient release during HTT was observed, where more
elements were dissolved as the HTT temperature increases.

pH and EC
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The increase in the acidity in the liquid product was observed after HTT, as seen in
Table 2-10. Considering that the distilled water was originally neutral, the acidic
condition was occurred due to the formation of organic acids that typically took place
during the HTT process [21]. During HTT, the degradation of hemicelluloses, cellulose
and extractives produced concentrated sugars and organic acids which then dissolved
into water. The produced organic acids decreased the pH of the liquid phase. From
Table 2-10, it can be seen that HTT-220 liquid product had pH as low as 4.1. More
severe decomposition occurred at the higher reaction temperature will result in more
formation of organic acids. The optimum pH value for plants to take up nutrients that
applied to the root zone and foliage is ranging from 5.5- 8.5 [10].

Table 2-10. Micronutrient and heavy metal in liquid residue.

EC Micronutrient and Heavy Metal (ppm)

Sample PH @sm1) "Ba Fe ™Mn zn B Cr Cu Pb Cd

110y Aerage 66 54 043 836 206 329 ND ND ND ND ND
sD 0.0 00 002 018 001 0.05

TTasy  Average 59 62 063 1477 255 398 ND ND ND ND ND
sD 0.0 00 0.04 047 004 011

GTrago  Average 50 7.0 056 1937 332 348 ND ND ND ND ND
sD 0.0 00 001 017 003 007

TTop0  AVerAGe 41 90 0.72 6474 567 922 ND ND ND ND ND
sD 0.0 00 0001 061 004 014

From Table 2-10, it can be noticed that the EC values increased with the increase of the
HTT temperature. The EC value of 1.5 dS/m is considered as the upper limit value for
growing media and is tolerable for plants with medium sensitivity [10]. High
concentration of soluble organics can depress growth because the ions contributing to
high EC could compete with fertilizer nutrients for plant uptake. The EC values of
liquid HTT products are quite high, which exceed the stated limit. Since very low pH
and high EC in the HTT liquid may harm to the plant growth, the dilution of the liquid
will be an important factor for the application of the fertilizer.

C/N ratio

The C/N ratio plays an important role in release of the nutrients to the soil. As the HTT
temperature increased, more carbon compounds in the liquid phase could be seen
resulting in the higher C/N ratio (Figure 2-14). Even for HTT at the lowest temperature,
the C/N ratio was around 20 which indicated that the decomposition of organically
bound nutrients to an inorganic form occurred at a slower pace.

A higher reaction temperature is able to transfer more nutrients from the solid to the

liquid phase, but considering the values of pH, EC, and the C/N ratio, HTT at a lower
temperature, 100-150°C, produced liquid product which was safer for the plant growth.
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Figure 2-14. C/N ratios of HTT liquids at different temperatures

Phytotoxicity test

The detail of the effect of the liquid produced from HTT at 180°C on the Komatsuna
seed is shown in Table 2-11. It was found that no germination occurred using the liquid
HTT-220 with a high TC concentration. One possible reason is due to the formation of
potentially toxic substances like phenols, furfurals and their derivatives under the
treatment temperature high enough for lignin and sugar degradation. At a higher
temperature, more organic acids, soluble salts and excessive ions were dissolved which
then could cause fertilizer burn and seed damage. Dilution to lower concentration has a
tendency to increase the GI which implies the decreasing of the harmful effect of liquid
HTT. Table 2-11 shows that liquid HTT-180 at TC 300 ppm gives the highest Gl and is
significantly different with the other product (58.5%). However, the value is still lower
than the GI limit to be considered as phytotoxic free. It is found that for compost as a
reference, GI of > 80% is considered to be phytotoxic free [42]. Therefore, the dilution
factor is one of important keys in the safe application of this liquid to the environment
(plantation).

From the liquid product evaluation above, it can be concluded that similar to the
washing leachate, the dilution factor is one of important keys for discharging this liquid
HTT to the environment (plantation) safely. According to the heavy metal content result,
the liquid products were free from harmful risk of heavy metals. Therefore, by
optimizing the proper dilution factor, the liquids were safe to be discharged to the
environment. The dilution factor needed might be around 40~100 times dilution.
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Table 2-11. Effect of the HTT liquid product from EFB on the germination of
Komatsuna seedlings.

ination | I
Total Carbon (TC) Germination Index (GI)

HTT-100 HTT-150 HTT-180 HTT-220

1500 ppm (5x dilution)**  26.6 + 3.6abc* 17.9+7.9abd 1.4+0.3ab 0.0 £ 0.0ab
800 ppm (10x dilution) 31.2+52ace  50.7 +7.9ce 13.7+1.2ab 0.0 +0.0ab
300 ppm (30x dilution) 35.1+1.7cde  36.0+2.8cde 585+115e 11.4+4.1abd

*The results are the means of three replicates + standard error. Value followed by the same letter(s) do
not differ significantly according to LSD test (¢=0.05).
**The dilution calculation is approximately for the TC concentration of HTT-180

Other than discharging the liquid product with a proper dilution factor to the
environment, treating the liquids by the common waste water treatment is also possible.
Funke and Ziegler (2010) pointed out that the wastewater from the hydrothermal
carbonization can be processed with aerobic and anaerobic treatment to lower the TOC
significantly [21]. However, the cost for the treatment is expected to be higher than
discharging the diluted liquids to the environment.

2.4 Summary

In this chapter, the HTT experiment for EFB was performed in order to evaluate the
characteristics of the solid product as a fuel and to upgrade the fuel qualities of the
biomass. The EFB was treated under subcritical hydrothermal conditions, with the
temperature conditions of 100, 150, 180 and 220 °C for 30 min. The summary of the
findings is described as follows:

1. The hydrochar yield showed decreasing trend with the increasing the HTT
temperature. Inversely, the HHV showed the increasing trend; with the highest
heating value recorded was 19.7 MJ/kg which is almost equal to that of low-grade
sub-bituminous coal. In accordance to the mass yield, increasing the temperature led
to a decrease in the energy yield, while the energy densification ratio increased.

2. In the view of physicochemical characteristics, the HTT-EFB has higher fuel
property; higher carbon content, lower oxygen, and lower ash content.

3. From the energy consumption calculation, the water to biomass ratio of 1:10 leading
to an inefficient energy recovery. The biggest energy consumption was coming from
the energy need for heating up water (and moisture). In the larger scale, the steam
input should be lower to ensure the feasibility of the HTT process. The high HTT
temperature also enhanced the consumption energy that could not appropriate for
bigger scale.

4. By considering the energy requirement and the improvement in the fuel property;
such as the energy yield and the ash content, HTT at 180°C seems to be more
preferred for the large-scale production of solid fuel from EFB.

5. The Van Kravelen diagram and FTIR analysis suggested that the main reaction
pathways that might occur during the HTT process at a mild temperature were the
dehydration and the hydrolysis of the hemicelluloses contained in raw-EFB.
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Chapter 3. Low potassium fuel from EFB via
hydrothermal treatment and water washing

Abstract: High potassium content in EFB leads to the high slagging and fouling
tendency when it is combusted in furnace. The removal of the potassium content by
combination of HTT and the water washing is described in chapter 3. After HTT, the
treated product was subjected to water washing experiments that were conducted
using a batch-washing system. The samples were mixed with the ratios of 1:5, 1:8,
1:10, 1:20 and 1:50 of distilled water at the washing temperature of 60°C for 15
minutes. The results indicated that the major removal of potassium was attributed to
the HTT process, with 92% potassium removal can be obtained after HTT combined
with the water washing process. The combination also lowered the ash content and
the chlorine content of EFB down to averagely 0.9% and 0.19%, respectively.
According to the results, it was found that 180°C was the optimum HTT temperature
for the effective potassium removal. Combination of HTT and the water washing
improved the slagging and fouling indices, exhibiting positive results in the term of
the deposition tendency, thus clarified that the removal of potassium may lead to
lower deposition tendency.

3.1 Background

There is still a problem when the EFB biomass is combusted; it still contains high alkali
content, particularly potassium[1]. Considerable attention has been paid to the slagging
and fouling problems when combusting EFB in boilers. During combustion, some
compounds evolving from abundant alkali metals in EFB will go into the gas-phase
condensate and deposit on low-temperature surfaces of heat exchange equipment,
causing the abovementioned problems.

Potassium, a major alkali in biomass, is known to contribute to the easy formation of
compounds with low melting point which leads to the formation of fireside deposits [2].
EFB appears to have relatively high amount of potassium of 3-4%-dry wt. Potassium is
transformed during combustion and combines with other elements such as chlorine,
sulfur and silica to form low melting point compounds [2]. The potassium content in
particular is important to indicate potential ash deposition through vaporization and
condensation. Potassium in biomass is apparently tied up as organically bound, occurs
as dissolved salts inherent moisture, cations attached to carboxylic and other functional
groups, complex ions, and chemisorb material [3].

In order to prevent slagging and fouling in boilers, elimination of troublesome
component is necessary. Potassium occurs as either water soluble or ion exchangeable,
thus easily removed by pretreatment using water. Previous investigations on removal of
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troublesome elements from biomass prior to conversion by means of controlled washing
or leaching process have been carried out [4, 5]. Removing elements after initial
primary conversion (e.g. char wash) has been proposed as well [6]. Therefore, this
chapter will focus on the removal of potassium from EFB hydrochars by means of
combination of HTT and batch washing treatment. The removal efficiency of potassium
has been examined for various HTT and washing conditions. Some indices to determine
slagging and fouling tendencies were calculated, using elemental analysis of ash. The
thermogravimetric analyses of washed and unwashed hydrochar were investigated to
evaluate the thermal behavior of the fuel after washing.

3.2 Material and methods
3.2.1 Biomass material

The EFB samples were harvested in 2010 and collected from private palm oil mill
company, Waris Selesa Sdn. Bhd., in Sabah, Malaysia. The samples were received in
milled and dried condition from the company, with a uniform particle size ranging from
10 - 20 mm. The samples were stored in sealed plastic bags at the room temperature
until use for experiments.

3.2.2 HTT experiments
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Figure 3-1. Lab scale hydrothermal apparatus (adapted from [7])

The HTT experiments were conducted using a commercially available batch type
autoclave reactor (MMJ-500, Japan) with the reaction vessel volume of 500 ml. The
detail procedure was described in Chapter 2. The reactor temperature was set at 100,
150, 180, 220°C, respectively, with the holding time of 30 minutes. After completed,
the product was discharged from the reactor. The solid part was separated from the
liquid by using the vacuum filtration, then oven dried at 105°C for 24 h, and stored in a
sealed bag before further analysis. The liquid part was filled in the bottle and kept in a
refrigerator, and defined as liquid HTT.
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3.2.3 Washing experiments

The washing process was studied applying several process parameters. Different
hydrochars and solid-liquid ratios were applied. The washing processes were conducted
by heating a certain ratio of distilled water to 60 °C and adding 3 g of the sample. The
sample and water were mixed with a magnetic stirrer rotating at 600 rpm. Five samples;
raw EFB, hydrochar produced at 100 °C (HTT- 100), HTT-150, HTT-180, and HTT-
220 were used in the washing experiment. The biomass to distilled water ratio during
the washing was 1:5, 1:8, 1:10, 1:20 and 1:50. The investigated leaching duration was
15 min. After the washing process, the mixture was separated using a vacuum filter.
The solid was oven dried at 105 °C for 24 h, and stored in a sealed bag. HTW denotes
for the hydrothermally treated and washed sample. The solid sample and liquid sample
obtained after washing are designated as solid washing and liquid washing, respectively.

3.2.4 Analytical methods

3.24.1 AAS

The potassium element was analyzed by the atomic absorption spectrometry (AAS)
method using Z-5010 Polarized Zeeman Atomic Absorption Spectrophotometer
(Hitachi, Japan). Preliminary treatment is required to decompose the biomass matrix
and dissolve the inorganic elements into solution, allowing them to be introduced into
the determination step. The biomass samples were digested using hot-plate digestion
method. For the analysis, 0.5 g of the dry solid sample or 2 ml of the liquid sample was
added with 3 ml HNOj3 1.38 g/ml and 5 ml HCIO, 60%. After acid pretreatment, the
solution was filtered and diluted to a proper volume for potassium content
determination by AAS.

3.24.2  Ultimate and HHV analysis

The determination of the CHNS and CI of EFB samples was performed using Vario
Micro Cube Elemental Analyzer (Elementar, Germany), where oxygen was determined
by difference as dry basis. The ultimate correlation by Channiwala and Parikh (2012)
was used to estimate the HHV of the samples. Kieseler’s study showed that this
correlation gives the most accurate result compare to proximate correlation and Dulong-
formula ultimate correlation for hydrochars [8].

3243 XRF
The ash compositions of untreated and treated EFB material were analyzed using the X-

ray fluorescence (XRF) technique. For the XRF analysis, the sample was well ground
into powder (i.e., particle size 250 um) and around 2 g of EFB sample was used to
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determine the ash composition by S2 Ranger energy dispersive X-ray fluorescence
spectrometer (Bruker AXS, Germany).

3244 TGA

The thermogravimetric analysis (TGA) was carried out by using a non-isothermal TGA
analyzer (Shimadzu D-50 simultaneous TGA/DTA analyzer). Thermal decompositions
under the oxidative atmosphere were conducted by loading a sample of approximately
10 mg into a crucible. Then the samples were heated by a constant heating rate of
10 °C/min to minimize the heat transfer limitation [9, 10]. Air was used at a constant
flow rate of 150 ml/min and the samples were heated from the ambient temperature to
900 °C. At least, three runs were completed for each sample to confirm the
reproducibility. The mass loss (TG) and the derivative curves (DTG) were continuously
collected and represented as a function of time and temperature.

3.2.4.5  Fourier transform infrared spectrometry (FTIR)

The Fourier transform infrared spectrometry (FTIR) was done by the JIR-SPX200 FT-
IR spectrometer (JEOL Co., Ltd. Japan) to investigate chemical changes during washing
treatment. The procedure name is "KBr pellet method", which is traditional method for
transmission measurement. The fine sample is grinded and mixed with KBr, then
pelletized. Then, it was scanned from 400 to 4000 cm™ with the resolution of 4 cm™.

3.2.5 Data Analysis
3.25.1  Removal efficiency of potassium

In this study, the removal efficiency of potassium element was quantified on the basis
of mass balance in the system, which is defined as:

X, =(1- ’;f—i?‘) x 100 (3-1)
Where

X,  =the removal efficiency of potassium (%)

mg = the final mass of the washed sample (g)

m; = the initial mass of the sample (g),

Cs = the concentration of potassium element in the washed sample (mg/kg)

G; = the concentration of potassium content in the original sample (mg/kg)

3.25.2  Slagging and fouling indices
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Some indices for slagging and fouling have been widely used as a measure of
deposition tendency of a fuel ash. The tendency of ash from raw, HT treated, and
washed EFB was defined using these indices listed in Table 3-1.

Table 3-1. Slagging, fouling, alkali, and ratio-slag indices, Cl content, definition and

their limits [11]

Limit
Index Expression
. . Extremely
Low Medium High High
SI=(B/A)x S*
Slagging Index (SI) 0.6 0.6-2.0 2.0-2.6 >2.6
S%= % of Sin dry fuel
Alkali Index (Al) Al = (Na, 0+ K,0)in kg/GJ 0.17-0.34 >0.34
Fouling Index (FI) FI =(B/A4) x(Na,0+K,0) <0.6 0.6-40 > 40
Chlorine Content (CI)  Cl as received (%) <0.2 0.2-0.3 0.3-0.5 >0.5

A (ACld): Si02+A|203+Ti02
B (Base)= Fe,03+Ca0+MgO+Na,0+K,0+S03+P,05

3.3 Results and discussion

3.3.1 Fuel properties of washed hydrochar

In order to compare the fuel properties between unwashed hydrochars and washed
hydrochars, the elemental composition as well as the calorific value are listed in Table

3-2. The properties of raw EFB and the washed raw-EFB were also listed.

Table 3-2. Ultimate analysis and HHV of the raw-EFB and resulting hydrochar at

various HTT and washing conditions*

Weight Percentage (wt%), dry

2.7
50.7
55
0.7
0.06
40.3
0.3

Element Raw HTT-100 HTT-150 HTT-180 HTT-220
Unwashed Washed Unwashed Washed Unwashed Washed Unwashed Washed Unwashed Woashed

Ash 4.9 2 4.6 3.1 3.4 2.7 2.2 0.9 4.1
C 43.6 45.0 44.1 44.8 45.2 45.0 46.4 46.8 50.0
H 5.3 5.8 5.2 5.4 5.5 5.5 5.6 5.9 5.4
N 0.6 0.4 0.8 0.8 0.6 0.6 0.4 0.3 0.8
S 0.11 0.07 0.08 0.09 0.09 0.04 0.03 0.04 0.09
O** 455 46.7 45.2 45.8 45.2 46.1 454 46.1 39.7
Cl 0.7 0.5 0.2 0.1 0.3 0.1 0.2 0.2 0.5
HHVdry

(MJ/kg) 16.7 17.7 16.8 17.2 175 17.4 18.0 18.5 19.6

20.0

*) 1:10 ratio, temperature 60°C, duration 15 min
**) by difference
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The obvious compositional alterations observed from the washed hydrochars were seen
in the ash content and the chlorine content. Reduction in the ash content has been
observed for all the hydrochars by washing. The HTT itself could leach out ash, and
reduce the ash content of the samples, with a modest reduction compared to raw-EFB.
Furthermore, from Table 3-2, the ash content of HTT-180 even dropped to less than 1%
with the additional washing process. Ash content reduction was due to the reason that
washing the samples extracted large amount of alkali metals, chlorine, in addition to
variable amounts of other materials caused by contamination of EFB with solid or dirt
[12, 5, 13]. The ash content of the hydrochar becomes important considering its end-use
as fuel. For example in pellet production, the current commercial pellets in the market is
obliged to have an ash content of less than 1%, while the “standard” pellets could have
as much as 2% ash [14]. The lowest ash content obtained was from treating EFB at
180°C which is 2.2%; still higher than the limit for commercial pellets use. Therefore,
in order to meet the requirement, it seems more effective to employ the washing step
after HTT.

The chlorine content of raw-EFB is approximately 0.7%. The high chlorine content of
EFB may cause corrosion problems in thermo-chemical conversion systems and
contribute to acid gas formation [2, 4]. In Table 3-2, the reduction of chlorine of about
72% was observed after employing HTT and washing, leading to a better fuel property
for combustion since it can lower the deposition tendency in boiler [2]. As chlorine is
commonly found in the form the monovalent ion chloride (CI") which is loosely bound
to exchange site and in low quantities as organic compounds [5, 15], it could be easily
removed during HTT and washing process. Previous work has also suggested that by
washing the ionic form of chlorine could be easily removed [13, 15].

Beside the changes in ash and chlorine content, other elemental elements like C, H, O,
and N are seen only has a slight changes after washing. The carbon fraction seems to
increase slightly for all the washed samples, probably as the consequence of the
decrease in the ash content due to washing. The other possible reason might be due to a
substantial amount of sugar would enter water during washing of biomass as pointed
out by He et al. [16]. The significant reduction in the ash also caused the HHV of the
samples increase modestly. After washing, the HHV increases with a percentage varied
from 2.04% in the case of HTT-220 to 2.78% in HTT-180 sample. This also pointed out
by Jenkins et al (1996) that stated the increase in HHV may be correlated to the
decrease in the ash content of the washed straws [13].

3.3.2 Effect of HTT and washing on potassium content

A high concentration of potassium in biomass fuel tends to result in the easy formation
of compounds with low melting points. Thus, the potassium content in particular is
important to indicate potential ash fusion or ash deposition. Potassium content of the
raw-EFB was found relatively high with approximately 32.4 g/kg of biomass or around
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3.2 wt%. Potassium is usually present in biomass in the form of ionic K and highly
soluble in water [15], also forms weak complexes with organic acid ions [5]. Hence,
potassium is easily leached from the biomass.
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Figure 3-2. Potassium concentration of EFB after HTT and washing
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Figure 3-3. Potassium removal efficiency of EFB after HTT and washing

The quantification of potassium species for the raw-EFB and the resulting hydrochars
before and after water washing are presented in Figure 3-2. It is evident that various
extents of removal of potassium content can be achieved via water washing. By
washing raw-EFB with 1:10 biomass-water ratio, up to 54.9% of potassium content in
the raw-EFB can be removed (see Figure 3-3). However, when the biomass was treated
with HTT process prior to washing process, the removal efficiency can be enhanced to
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above 80%, even 92% in the case of HTT-180. Potassium was released mostly during
HTT, with the removal efficiency increase with the increase of the HTT temperature.
From Figure 3-3, it can be seen that HTT at 180°C optimally removed most potassium
to the liquid fraction with the removal efficiency of 74.1%. In contrast, Reza et al
(2013) reported that the hydrothermal carbonization at 200°C (5 min holding time) can
be very effective in removing inorganics, such as Ca, S, P, Mg and K, from corn stover,
mischantus, switch grass and rice hull biomass [17]. The different biomass feedstock
could explain these observations. For HTT-220, the efficiency of the washing stage is
found lower than other cases, which might be due to the re-absorption by porous
structure produced from HTT under the reaction at 220°C.
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Figure 3-4. Potassium concentration and potassium removal efficiency of washed
hydrochar at various biomass- to-water ratio.

Figure 3-4 shows the potassium concentration and the removal efficiency of HTT-180
sample washed with various biomass/water ratios ranging from 1:5 to 1:50. It can be
observed that the washing process using solid-liquid ratio less than eight resulted in
insignificant difference of the potassium release. By increasing the water ratio up to
1:50 in the washing stage, 95% of potassium in EFB can be removed. The more water
volume used, the more potassium will diffuse to the liquid fractions, since the
concentration will decrease in the solution. Therefore, it is essential to optimize the
water to biomass ratio for washing as a pretreatment because the resulted product will
require higher energy input to dry prior to combustion.

The stage-washing (more than 1 time-washing) for the untreated EFB biomass has also
been considered in this study to increase the potassium removal efficiency higher than
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the combination of pretreatments conducted in this study. However, the potassium
removal efficiency obtained from this combination was found as the highest. Previous
studies reported that 80 — 90% of the total potassium exists in the form of mobile (water
soluble or ion exchangeable) species in biomass [2, 18]. Potassium exists as a univalent
ion (K" that highly mobile and a large fraction (>80%) of potassium can be extracted
from biomass by water washing. The rest portion of the potassium is bound to an
organic matrix (carboxylic and other functional groups) because of the high amount of
oxygen-containing functional groups in biomass [19]. Therefore, the 100% removal of
potassium by only water washing is not possible and there was no research that showed
complete removal of potassium. This is in good agreement with the mode of existence
of potassium in biomass. Therefore, we will need other pretreatment that is able to
break the potassium bound to an organic matrix to enhance the removal efficiency. The
comparison between the advantage of washing treatment and combination of HTT and
washing are summarized in the Table 3-3.

Table 3-3. Comparison between the advantage of washing treatment and combination of
HTT and washing

Evaluation Item

Washing (2-3 times)

HTT + washing

Operation Easy Difficult
Cost Low High
Energy consumption | Low High

Potassium removal
efficiency

83 -90% [5, 13]
Maximum 90.4 %
(washing at 30°C, 1:12.5, 3 h)

82 — 92% [This study]
Maximum 92%

(HTT 180°C, washing at
60°C, 1:10, 15 min)

Water requirement

High

Low

Not so significant

Significant

- slightly increased C - increased C content
content

- slightly increased HHV - increased HHV

- hydrophobic

- high dewatering and
drying performance

- biomass structural
change is benefit for
pelletization

Improvement on
fuel qualities

Since the end-of-use of the hydrochars is to make a pellet, this study showed that HTT
was able to improve the fuel properties and the hydrophobicity of the biomass, and also
expected to increase the strength and durability of pellets made from the hydrochars.
Meanwhile, the combination of HTT and water washing was more effective in
removing potassium content from the EFB biomass compare to treatment using only
water-washing, as seen in Table 3-3. The HTT was able to decompose hemicelluloses,
and disrupted the lignocellulosic matrix that can extract more potassium that attached to
organic matrix. The maximum removal of potassium by only water washing is 90%
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while the combination of HTT and washing treatment is able to enhance the removal
higher than 90% (up to 95% if using water ratio 1:50). By combining these two pre-
treatment processes prior to pelletization, the pre-treated pellets might resolve both the
dust explosion during transportation (because the pellets will become stronger and more
durable) and the slagging issues of the combustion furnace. This combination of the two
pre-treatments might also give more advantage in improving the properties of the oil
palm residue pellets.

3.3.3 Potassium balance

To investigate more about the potassium distribution after HTT and the washing process,
the potassium balance were calculated based on the determined mass balance and the
potassium concentration in each fraction. The total amount of potassium species
originally available in biomass was taken as the datum (100%). The potassium
distribution after the combined pretreatment of HTT and washing is presented in Figure
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Figure 3-5. Potassium distribution in the product after HTT and washing

Considering the characteristic of potassium in biomass that is easily water-soluble, it
can be seen that only less than 20% of potassium is retained in the solid product after
HTT. As seen in Fig 6, the HTT liquid contains a considerable amount of potassium.
Beside potassium, the other essential nutrient for plant growth such as phosphorus,
sulfur, nitrogen might also solubilize to the liquid washing. Since the liquid washing, or
commonly known as leachate, is then need to be treated in water treatment; thus, the
probability of using leachate as fertilizer is further investigated in another chapter in this
thesis.
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After the HTT process, the autoclave is opened slightly to decrease the pressure inside
and the steam produced are allowed to condense which is then stated as the condensed
water. It is noteworthy that only slight amount of potassium was present in the
condensed water after HTT. Consequently, the condensed water can be reutilized as
make-up water for washing process to minimize the water consumption. Application of
HTT integrated with washing process would be more feasible from a practical point of
view.

However, the different condition in the large scale application is needed to be taken into
consideration. The lower water/steam consumption in the large scale HTT reactor might
affect the potassium removal for the HTT process. However, we hypothesized that even
though the potassium removal efficiency in the HTT process is appeared to be lower,
the combine removal efficiency of HTT and washing will be the same. The difference
will be only in the proportion of the removal efficiency between the HTT process and
the washing process. It was expected that the higher removal efficiency will be shifted
to the washing process. This is because the lower water ratio in the large scale HTT
reactor and with the aid of bigger mixing blade will still be able to decompose the EFB
and damage the lignocellulosic component of the EFB, thus facilitating and improving
the potassium solubilization in the subsequent washing process, giving similar total
potassium removal with the lab-scale result. Nonetheless, it is still a hypothesis; we
could not assure the exact result unless we could try the experiment in the large scale
reactor and determine the optimized water ratio for the washing process. For the
optimization in overall process system of the large scale solid fuel production, the
deeper investigation using the large scale HTT and washing reactor is suggested to be
conducted as well for further study.

3.3.4 Ash composition and slagging fouling tendency

In addition to the characteristics of the samples listed in Table 3-2, the composition of
the ash is also important in predicting the behavior of a fuel in a combustion furnace.
The role of alkali metals and silica in ash fusion and deposition in furnaces for biomass
materials is well known [2, 20, 21]. For the purpose of this study, the inorganic
elements content in the ashes were determined, in order to investigate their deposition
tendency in the combustion furnace.

Table 3-4 presents the ash elemental percentage obtained by the XRF analysis. The
elemental species in ash was generally found as an oxide [23]. It was observed that the
alkali levels are quite high in raw-EFB; with potassium oxide appear as dominant
species with the percentage of 49.1%, showing its nature tendency to cause slagging
and fouling. Employing HTT and the washing processes were able to significantly
change the relative composition in ash, where the alkali values were much reduced. A
total decrease as high as 72% in K;O was observed after the pretreatments. This result
also proved that a high fraction of potassium was released to the aqueous side, and
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remained only small fraction in the ash. However, some species such as SiO, and Al,O3
only have a slight change after both processes. Si is found to be very stable which is
covalently bonded within biomass organic matrix [17].

The Na,O was seen increased after HTT and washing in spite of it being an alkali that
behaves like potassium. This is due to the ash element was presented as weight
percentage of the all the elements in the ash, not in the biomass. However, when we
calculated the Na,O percentage presents in the biomass EFB as seen in Table 3-5, we
can see that the percentage appeared to be much reduced after both pretreatments. This
was because the ash was also reduced due to HTT and washing pretreatments. As stated
before, Na is also an alkali element, and like potassium, also exists in the biomass as a
water-soluble fraction, thus also easily removed by water. Therefore, Na content in the
biomass was increased after HTT and washing. From Table 3-5, we also can see that
most of the inorganic in the EFB biomass was decreased after HTT and washing.

Table 3-4. Ash composition of raw-EFB and pretreated EFB

Element (%wt of ash) KO SiO, CaO0O Fe0; MgO SO; Na,O P,Os AlLO; TiO,
Unwashed o9 190 70 55 44 40 39 30 25 07
Raw EFB hed
Washe 509 321 N/A 19 74 74 NIA NA NA NA
Unwashed 79 286 107 66 59 49 61 25 68 07
HTT-180 \{Yfghe‘j 135 339 93 45 82 60 119 28 95 04
ygghe"d 109 384 93 31 87 74 129 NA 84 05

Pronobis et al (2005) used different correlations to analyze the slagging/fouling
tendency of coal ashes from the measured ash composition [22]. In general, the
correlations define the form of basic-to-acid ratio (B/A) where basic group is
compounds with low melting temperature (Fe,O3+CaO+MgO+Na,0+K,0) and the acid
group is compounds with higher melting temperature (SiO,+Al,03+TiO,). The B/A
ratio was generally used for coal and biomass, and the modified B/A ratio was proposed
by adding P,Os to the basic group since P content enhances the development of low
melting point phases in fly ash [11]. Therefore, the modified B/A ratio was used in this
study.

The evaluation of slagging and fouling tendencies of the raw-EFB, HTT-180 and
washed HTT-180 is presented in Figure 3-6. The calculated slagging and fouling
indices were defined from the Table 3-1 in sub-chapter 3.2.5.2. Except for Sl, all the
indices clearly showed that raw-EFB exhibited high tendency of deposition. The high
content of basic group compounds, in particular alkali, apparently is the main cause of
the high tendency presented in the indices. The Sl value for raw-EFB was 0.4 exhibiting
a low deposition probability due to low sulfur content in the biomass. However, it was
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observed from Figure 3-6 that the effects of HTT and the washing process are more
pronounced for Al, FI, and CI indices, where they can considerably lower the tendency
of fouling. After HTT at 180°C, the FI and CI values of EFB can be reduced to low
probability regime showing the low deposition tendency. The additional washing
process affects in the improvement of the Al value, shifts the initially high occurrence
of slagging and fouling to probable occurrence. From the calculated slagging and
fouling indices, it could be concluded that raw-EFB originally has high tendency of
fouling and this risk was significantly eased after pretreatment using HTT and washing.

Table 3-5. Ash element in the untreated and treated EFB.

Element Raw EFB HTT-180

(%wt of EFB) Unwashed Washed Unwashed Washed
K,0 2.40 1.02 0.59 0.12
Sio, 0.93 0.64 0.63 0.31
CaO 0.39 N/A 0.24 0.08
Fe,03 0.27 0.04 0.15 0.04
MgO 0.22 0.15 0.13 0.07
SO; 0.20 0.15 0.11 0.05
Na,O 0.19 N/A 0.13 0.11
P,Os 0.15 N/A 0.06 0.03
AlLO; 0.12 N/A 0.15 0.09
TiO, 0.03 N/A 0.02 0.00

HTT-washed 1:50

® Cl Index
$ ¥ Fouling Index
¥ Alkali Index
® Slagging Index

HTT-washed 1:10

HTT-unwashed

raw-washed

H
raw-unwashed

0.00 0.50 1.00 1.50 2.00

Figure 3-6. Slagging and fouling indices for raw-EFB and pretreated products (EH=
extremely high, H = high, M = medium, L = low deposition)

3.3.5 Effect of washing on combustion characteristics
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In Figure 3-7 and Figure 3-8, the thermogravimetry (TG) and derivative
thermogravimetry (DTG) curves of the hydrochar produced from HTT at 180°C (HTT-
180) and washed HTT-180 are presented, respectively. HTW-180 shown in Figure 3-7
and Figure 3-8 means the washed HTT-180 hydrochar. Since washing the sample with
water could reduce the content of the problematic inorganic compounds related to ash
fusibility, sample of washed hydrochar was analyzed under the oxidative atmosphere
conditions to investigate its difference regarding the thermal behavior of the hydrochar
after washing.
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Figure 3-7. TGA profiles of unwashed and washed HTT-180 hydrochars

w W bs
o wun o
1 1

—— HTT-180
————— HTW-180

DTG (mg/min)
NN
o ol

=
(6]
1

L
o
1

o
(6]
1

—

400 600 800 1000
Temperature (°C)

o
o

Figure 3-8. DTG profiles of unwashed and washed HTT-180 hydrochars
The TGA curve indicated the mass loss of the sample. TGA profiles in Figure 3-7
showed lower residues in the washed hydrochar compared to the unwashed hydrochar.
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This may be due to the lower alkali and ash content in the washed hydrochar
corresponding to removal by washing. Data in Table 3-6 also shows residue mass left
after combustion both in unwashed and washed hydrochar. Table 3-6 shows the ignition
temperature, the peak temperature and the maximum combustion rates for each tested
samples.

From the profiles in Figure 3-8, it can be seen that there are similar characteristics of
combustion, which is indicated by the same one peak of combustion. It shows that there
is no significant different in chemical content of the washed sample compared to the
original one. In order to compare the experimental result quantitatively, several
combustion properties such as the ignition temperature (T;), the peak temperatures (Tm)
and the maximum combustion rates were obtained from the DTG burning profiles [5,
23]. Table 3-6 presented the ignition temperature (T;), the peak temperatures (T) and
the maximum combustion rates of the unwashed and washed HTT-180 hydrochars. The
T;associated with the point where the DTG profile encounters a sudden increase, while
the Tn, corresponds to the point where the combustion rate is at maximum [5].

Table 3-6. Combustion characteristics of the washed and unwashed HTT-180 hydrochar

Sample HTT-180 HTW-180

Ti (°C) 267.5 277.5
Tm (°C) 285.3 297.4
DTGmax (Mg/min) 4.01 2.96
Burn out temperature (°C) 476 457
Residue® (w.t. %) 43 1.1

It can be seen from Table 3-6 that the washing process increased the Ti and Tm values,
shifting them to the higher temperature. According to Haykiri-A¢ma [23], the high Tm
means the poor reactivity of the sample. Therefore, the increased Tm implied that
washing lower the reactivity of the hydrochar. Compared to HTT-180 hydrochar, the
reactivity of the washed hydrochar decreased, resulting in a higher Ti. The higher
temperature at the peak center for the washed hydrochar clarifies that this fuel was
harder to combust. These demonstrate that in the washing process, the possible
accompanied removal of extractives, soluble organics and alkali metal components
increased the heavy and difficult-to-combust components in the fuel, such as cellulose
and lignin. The extractives are usually associated with the low temperature
decomposition, very volatile, and is the less stable components in wood [24]. The
elevated combustion temperature implies improved combustion safety, increased
combustion efficiency and decreased pollutant emission. These combustion
characteristics are significant improvements over unwashed hydrochar as a fuel [25, 23,
21].

3.3.6 FTIR Analysis
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Further insight into the chemical composition of the material to compare the surface
spectroscopy changes due to washing the hydrochars also may be obtained by FTIR-
ATR. In Figure 3-9, a comparison on the surface spectroscopy of the unwashed HTT-
180 hydrochar and washed HTT-180 hydrochar is presented. As previously noted, the
peak around 2300 to 2400 cm™ was attributed to uncontrollable CO, in the
measurement environment.

Determination of the main functional groups for a given wave number was done based
on previous reports [26-29]. As indicated in Figure 3-8, for the washed samples, the
FTIR spectra are assigned into three regions representing the main identification peaks
observed. It seems that there is no significant change shown in the FTIR adsorption
peaks due to washing, as the plot is seen showing quite similar absorption bands.
However, some minor changes can be observed from the FTIR spectra. Deng et al. [28]
stated, that during washing, a fraction of inorganic salt, organic salt and organic
compound would enter water.

In the first region, wide band at 3700 — 3000 cm™ that attributed to O — H stretching
vibrations [30] became weak compared to unwashed hydrochar. This absorption band is
due to the O — H bond stretching [16, 28, 31, 32]. As appeared in Fig 3-9, the O — H
stretching of carbohydrates sterols and diglyserides is decreased. He et al. [16] and
Jenkins [33] have studied that significant sugars are extracted during washing. The
hydrolysis of hemicelluloses during HTT breaks ester and ether bonds (mainly p-(1-4)
glycosidic bonds resulting in products including oligomers like (oligo-) saccharides [27].

Weaker characteristics of the absportion band at about 1640 cm™ were observed after
washing, which indicates that some carboxylates might enter water. This band is due to
the COO™ antisymmetric stretching of carboxylates [28]. The peak at 1720 cm™ also
associated with COO™ groups, which indicates the organic acids. There was an
abundance removal of K* during washing, and these cations occurred mainly as
carboxylates as the accompanying anions for K*. Other researcher reported that the
production of carboxylic acids can be observed from the solid and liquid state products
of HTC of biomass [27]. Therefore, these groups were present in the hydrochar sample,
but modestly removed during washing.

In the last region, the peaks at around 790-800 cm™ might correspond to the symmetric
stetching of Si — O — Si [28], which is not changed due to washing. This means that Si
is very stable, as already discussed in sub-chapter 3.3.4. There were no strong
characteristic changes of absorption bands in the range between 900 and 650 cm™* in the
FTIR spectra. It seems that aromatic compounds hardly entered the water during
washing.
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Figure 3-9. FTIR spectra of unwashed and washed HTT-180 hydrochar

3.4 Summary

This chapter discussed the results from the potassium removal experiment of raw-EFB
by HTT and washing treatments. Batch-washing experiments were conducted where the
samples were mixed with distilled water with the ratios of 1:5, 1:8, 1:10, 1:20 and 1:50
at the washing temperature of 60°C for 15 minutes. The summary of this chapter are as

follows:

1. The results indicated that the major removal of potassium was attributed to the HTT
process, with 92% potassium removal can be obtained after HTT combined with the
water washing process. The combination also lowered the ash content and the
chlorine content of EFB down to averagely 0.9% and 0.19%, respectively.
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2. According to the results, it was found that 180°C was the optimum HTT
temperature for the effective potassium removal.

3. Combination of HTT and the water washing improved the slagging and fouling
indices, exhibiting positive results in the term of the deposition tendency, thus
clarified that the removal of potassium may lead to the lower deposition tendency.

4. From the combustion analysis results, the elevated combustion temperature implies
that washed hydrochars has lower reactivity compared to the unwashed, leading to
improved combustion safety, increased combustion efficiency and decreased
pollutant emission. These combustion characteristics are significant improvements
over unwashed hydrochar.

5. The FTIR spectra suggested that some sugars and organic acids produced during
HTT was extracted during washing experiment, along with the alkali elements.

In conclusion, the combination of HTT and the water washing may become a viable
way to produce a clean fuel from EFB for combustion or co-combustion with coal.
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Chapter 4. Pelletized fuel from EFB hydrochar and
washed EFB hydrochar

Abstract: In chapter 4, the comparison of the pellets produced from the
hydrothermally treated EFB (HTT-EFB) and washed HTT-EFB was performed.
Pelletization of biomass has been practiced widely to produce homogenous products
with a high density. However, the study on the pelletization of the washed
hydrothermally treated biomass is currently limited. The pelletization of the raw EFB,
HTT-EFB and washed HTT-EFB was conducted using a single pellet making device.
The experiment was performed in the room temperature under the pressure of 150
MPa. The physical property, the mechanical strength, the durability and the
hydrophobicity of the produced pellets from each sample were evaluated. The SEM
analysis was also performed to investigate the bonding mechanism within the pellets.
From the results, washed HTT-EFB pellets showed a high mechanical strength and the
durability comparable to HTT-EFB and raw EFB pellets. The pellets also showed the
hydrophobic nature against the moisture exposure. However, washed HTT EFB pellets
required higher energy for making pellet. From the analysis, it was found that the
changes in the composition of EFB biomass by HTT and the washing process regulate
the pelletization behavior and affects the bonding mechanism during the pelletization.
In conclusion, the combination of the pelletization, HTT, and the washing co-treatment
is promising for upgrading EFB into clean, energy dense, homogenous, friable, durable
and hydrophobic solid fuel.

4.1 Introduction

With the increasing demand of energy fuel, EFB pellet is considered to be potential fuel
for power generation in East Asia [1]. Pelletization may facilitate handling and
transporting of EFB for domestic and international markets. In comparison to raw
biomass, biomass pellets have obviously improved fuel quality.

However, conventional biomass pellets also still have many drawbacks, like the high
moisture affinity and the relatively weak durability [2]. The pellets tend to absorb
moisture from the surrounding humid air that leads to pellets disintegration and also
provides an ideal environment for microbial and biochemical activities [3]. A low
durability pellet tends to disintegrate easily into fines during handling and storage.
Previous published literature has shown that pellets made from steam treated wood have
better properties; such as increased dimensionally stable and less hygroscopic [4],
higher breaking forces resistance [5].
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After the pre-treatment of EFB by the hydrothermal treatment and the washing process,
it was found that the raw-EFB was enhanced in term of its energy density,
hydrophobicity, ash and alkali metal contents. To make a pellet that meet the European
pellet standard, the ash content should be below 2%, and the chlorine content should be
below 0.03%. The washed hydrochar produced in the previous chapter has met these
requirements. However, the effect of the HTT and washing to the pelletization process
and the produced pellet need to be investigated. The physical property, the mechanical
strength, the durability and the hydrophobicity of the produced pellets from each sample
were evaluated to compare with the pellet produced from hydrochar and washed
hydrochar. The SEM analysis was also performed to investigate the bonding mechanism
within the pellets.

4.2 Material and methods
4.2.1 Fuel preparation

The feedstock for pelletization was produced from the HTT experiment and washing
experiment. The HTT experiment description had been done in the section 3.2.2 of the
previous chapter and the detail of the washing experiment can be found in the section
3.2.3. The samples for the pelletization experiments are raw-EFB, hydrochars, and
washed hydrochars.

4.2.2 Pelletization technique

In preparation for pelletization, the samples were conditioned to 10% moisture content
in average to ensure enough moisture content was present to act as a binder and
lubricant during the pelletization [6]. The samples was then wrapped in the aluminum
foil and stored in a sealed plastic bag until pelletization.

The pelletization of the raw EFB, hydrochar and washed hydrochar were conducted
using a single pellet making device. Basically, the pelletization unit consists of a
cylindrical die with a piston (8 mm in diameter) made from stainless steel, and a
removable electrical heater wrapped around the die cylinder. There is a removable plate
at the bottom of the die which can be placed during compression and removed during
extrusion of the pellet. The pelletization experiment set up is shown in Figure 4-1.

The experiment was performed in the room temperature, and the pressure used was 150
MPa (approximately 7.5 kN). Before making a pellet, the heater was turned on and set
to the target temperature and maintained by the thermocouple attached to the
temperature controller. Then, approximately 1 g of samples was manually loaded inside
the die and then compressed to a preset pressure. The pressing was performed using an
Autograph Universal Testing Machine AG-IS (Shimadzu, Japan). The displacement
speed was set at 0.1 mm/min. After holding for 30 s at the maximum pressure, the
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pressure was released and the plate was removed followed by pressing the formed pellet
out from the die. The displacement for extrusion was set at the same speed and also
using the same piston that used for the compression. The force-displacement data were
logged during the compression-extrusion cycle of the pellet. The pellets were left
undisturbed for 2 minutes and stored inside a sealed plastic bag for further
measurements. More than 20 replicates were made from each treated and untreated EFB
sample to ensure the reproducibility and consistency.

Figure 4-1. The pelletization unit set up

4.2.3 Characterization methods
4.23.1  Physical characterization

To calculate the pellet density, which is expressed by the ratio of the mass and the
volume of the single pellet, a stereometric method was used. The basis of this method is
the dimensions measurement of the pellet shape. The mass, length and diameter of each
pellet were measured at once after extruded from the die cylinder to determine the
initial pellet density. The length and diameter of each single pellet was measured using
a digital caliper (As One, Japan), while the weight of the pellet was measured using an
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analytical balance with 0.0001 g precision. These measurements were repeated after
storing the pellets for 2 days. The energy density was calculated by multiplying the
mass density with HHV of the pellet. HHV of the untreated and pretreated EFB (HTT
and washed) has been discussed in Chapter 3.

4.2.3.2 Durability test

The durability test employed in this research was the abrasive resistance test. The
abrasive resistance test in this study was performed by adopting the methodology
designed for coal, called tumbler test or MICUM test (ASTM standard method D441-86
for). Five pellets were placed in a tumbling can. Then the samples were rotated for 80
min at 38 rpm. After rotating, the samples were screened using 2 mm sieve. The
particles that screened out then weighed. The ratio of mass larger than 2 mm to initial
mass for each batch of pellets demonstrates the indicator of abrasive resistance, or will
be defined as the durability index.

-

Figure 4-2. The tumbler can set up in the laboratory

4.2.3.3  Compressive test

The compression strength of the pellet was evaluated using an unconfined compression
tester shown in Figure 4-3. The cylindrical pellet was horizontally placed between two
plates, bottom plate and a disc shape metal probe (10 cm in diameter) attached to a 50
KN load cell (see the right side of Figure 4-3). The force and displacement data were
recorded using a data logger attached to the compression tester. The test was carried out
at a compression rate of 1.6 mm/min, and stopped after pellet failure. The value of the
compression strength was defined as a maximum force a pellet could withstand, before
the fracture of the pellet.
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Figure 4-3. The unconfined compression tester

4.2.3.4  Equilibrium moisture content

The moisture uptake test was measured by exposing the pellet samples to a controlled
environment. The static desiccators technique [7] was adopted in this study in order to
create a controlled humidity. The technique was illustrated in Figure 4-4. The controlled
humidity inside a chamber, a desiccator in this case, was maintained at a constant value
by keeping the air equilibrium with an aqueous solution saturated with particular salt.
NaCl (Wako pure chemical industries, Japan) solution was used to maintain humidity of
75 to 80% at 26 — 28 °C [8]. Prior to the moisture uptake test, the pellets were dried at
105°C for 24 h. A pair of pellets was placed in the Petri glass dish and put inside the
desiccators for at least 5 h. The weight of the pellets was measured every 15 min for the
first hour followed by every 1 h for the following 5 h. Three replicates were measured
for the test.

Pellet
samples

Saturated
NaCl

Figure 4-4. Static desiccators technique

4235  SEM analysis

The JSM-6610LA scanning electron microscope (JEOL Co., Ltd. Japan) was used to
study the changes in the fibrous structure as a result of pretreatment and the bonding
mechanism of the pellets by fracture surface analysis. All the samples were cut then
mounted onto the surface of standard SEM stub using a carbon tape. The samples were
then placed into ion sputter coater MSP-1S (Shinkuu, Japan) where Pt-Pd was deposited
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on the surface of sample to provide a conductive coating. Scanning electron microscopy
(SEM) was performed using a voltage of 10 kV with magnification of 430 times for the
images collection.

4.2.3.6  Lignocellulosic component analysis

The feedstocks for pelletization were measured for its lignocellulosic component (lignin,
hemicelluloses, cellulose, and extractives. The milled EFB hydrochars were soxhlet-
extracted with acetone to determine the content of the extractives. The acid-insoluble
lignin (Klason lignin) content of the feedstocks was determined using the method of
Yoshihara et al. [9] with modified procedures as follows [10]: the prepared sample (0.5
g, as oven-dried weight) was primarily hydrolyzed with 72 % sulfuric acid for 2.5 h and
further hydrolyzed with 4 % sulfuric acid at 121°C for 1 h. The sample was then filtered
to obtain the residue and filtrate with a glass filter (1 GP 16). The weight of the residue
was measured as acid-insoluble lignin. The amount of acid-soluble lignin was
determined according to UV spectrophotometry at the wavelength of 205 nm (TAPPI
Test Method: T222 om-11 [11]). The amounts of glucose and xylose were determined
from the 1000 times diluted filtrate by using ion chromatography according to the
procedures described in a previous study [12]. The system using Dionex ICS 3000 ion
chromatograph (Dionex, Sunnyvale, CA, USA) consisted of a single pulp model (SP-1),
an electrochemical detector (ED), an lonPac AS 7 column ( @4mm x 250 mm), an
lonPac AS 7 guard column (@4mm x 50 mm), and an auto sampler (AS).

4.3 Results and discussion
4.3.1 Lignocellulosic chemical composition of the pelletization feedstock

The lignocellulosic composition of the samples used in the pelletization experiment was
analyzed and presented in the Table 4-1. Many researches had reported the correlation
between the biomass lignocellulosic component and the produced pellet quality
(strength and durability) as well as the pelletizing behavior [13-15]. Therefore, this
analysis will be important to support the investigation on the phenomenon behind the
pelletization process.

To be note, the glucose and xylose content presents in the Table 4-1 are representing the
cellulose and hemicelluloses component of the biomass, respectively. During the
biomass component analysis, the samples were pretreated by sulphuric acid hydrolysis
for lignin and sugar measurement. After hydrolysis, cellulose will be decomposed
mainly into glucose and hemicelluloses into xylose. The other sugars such as arabinose
and mannose were not measured due to relatively small amount in the biomass.

As seen in the Table 4-1, raw-EFB comprises of higher content of cellulose compared
to lignin and hemicelluloses. This is in agreement with the content of EFB from other
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research [16]. After HTT process, the content of the hemicelluloses was decreased due
to hydrolysis reaction that occurred during the HTT which can be obviously seen in
Table 4-1. As discussed before in the previous chapter, hemicelluloses is the least
thermally stable polymer among all three lignocellulosic polymers, and its
solubilization in water starts at about 180°C under hydrothermal conditions [17, 18].
The hemicelluloses is relatively easy to be hydrolyzed into basic sugars. HTT at 180°C
is seen only can decompose a partial hemicelluloses as can be observed from the small
hemicelluloses decrease compared to the content in the raw-EFB in Table 4-1. The
increment of the HTT temperature to 220°C could decompose almost all the
hemicelluloses, which only leaving approximately 3% of hemicelluloses in the HTT-
220 hydrochars. The significant reduction of the hemicelluloses content resulted in the
relative increase of other component such as lignin and extractives. Moreover, the
degradation of hemicellulose, cellulose, and extractives was found leaving a porous
hydrochars with concentrated sugars and organic acids dissolved in water. The porous
structures might absorb the dissolved sugars and furfurals during HTT so that the
extractives percentage increases in the hydrochars [19].

Table 4-1. The lignocellulosic chemical composition of the raw EFB and treated
hydrochars.

Chemical component (% of dry free-extractives weight)

Samples Lignin Carbohydrates Extractives  Ash
Acid- Acid- Total Glucose Xylose (%) (%)
insoluble  soluble lignin  (Cellulose) (Hemicelluloses)
EFB [16] - - 22.1 38.3 35.3 - -
Raw-EFB 19.96 3.91 23.87 39.65 24.36 4.29 4.9
HTT-180 21.61 3.43 25.04 47.25 21.94 5.48 2.2
HTW-180 21.27 3.22 24.49 56.38 22.91 4.46 0.9
HTT-220 28.69 1.82 30.51 54.84 2.83 17.91 4.1
HTW-220 26.63 1.00 27.64 58.64 2.40 24.86 2.7

The subsequent washing experiment was not really given any significant changes to the
structural organic component of the hydrochars compared to the changes resulted from
the HTT process. The obvious change was observed in the removal of the ash content.
In contrast with the HTW-180, the increase in the extractives content was seen for
HTW-220 hydrochars. This might be because high content of significant water soluble
sugars and organic compound from the hemicelluloses decomposition during HTT at
220°C are extracted during washing by water compared to the hydrochar from HTT
180°C. These differences in the feedstock composition will highly determine the
produced pellet quality and the mechanism of the binding during pelletization.

4.3.2 Pellet characteristics

4.3.2.1  Appearance
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The color of the raw EFB feedstock is less dark color than the hydrochars. The color
became darker brown color as the HTT temperature increased. These color change was
due to Maillard reactions of mono-saccharides and extractives degradation after steam
treatment [15]. Figure 4-5 shows the physical appearance of the pellets made from raw-
EFB, hydrochars, and washed hydrochars. As can be seen, the hydrochar pellets has
smoother and glassy surface compared to raw-EFB pellets. It can also be seen that the
surface of the hydrochar pellets were very compact and uniform without visible voids.
Contrary, obvious voids and gaps were seen on the surface of the raw-EFB pellet. These
gaps were reported to able to reduce the pellet resistance to deformation and promote
the movement of the particles within matrix that leads to weak mechanical durability [2].
The bigger gaps were also indicating poor adhesion between the biomass particles [20].

Raw-EFB HTT-180 HTW-180 HTT-220 HTW-220

Figure 4-5. The appearance of the pellets made from raw-EFB, hydrochars and washed
hydrochars

The shiny surface that seen in the hydrochar pellets might be due to the lignin coating
on the outer surface of the pellets [6]. The washed hydrochar pellets had shinier surface
compared to hydrochar pellets. As had been described in the previous sub-chapter, the
hydrochar and washed hydrochar had relatively more lignin, due to hemicelluloses
degradation and removal of ash. The broken down of lignocellulosic matrix during HTT
was also giving the lignin more accessible passage to come out during pelletization.

4.3.2.2 Particle size distribution

Particle size is known as an important influence of the pellet durability [14]. Commonly,
finer particles lead to higher durability. The particle size distribution of all the samples
is presented in Figure 4-6. Larger particle sizes were found for the raw-EFB. While
smaller particle size portion was seen to increase with the increasing severity of HTT.

From the figure, HTT shifted the particle distribution into smaller size. The effect of
washing was evidently seen for the hydrochar at HTT-220. Originally, the smaller
particle size is already dominantly present in the HTT-220 hydrochar particles.
However, since hemicelluloses removal increased the relative content of lignin at the
HTT temperature of 220°C, the products become brittle and easy to break. Therefore,
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the mixing process during washing experiment might break the hydrochar particles
further, resulting in smaller size particles compared to the unwashed ones. On the other
hand, washing process had only slight effect on the HTT-180 hydrochars.
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Figure 4-6. Particle size distribution of raw EFB, hydrochars and washed hydrochars

4.3.2.3  Mass and energy density of pellets

During measurement of the physical dimension of the pellets, the diameter and the
length of the pellets were recorded 2 times; immediately after extrusion from the
cylinder and after resting them for 24 h. Therefore, the initial density and relaxed (final)
density could be calculated. The length expansion happened during the relaxation of
pellets was also calculated. Figure 4-7 presents the initial and final pellet density, and
also the expansion rate of all the pellet samples observed.
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Figure 4-7. Initial, final density and expansion of all the pellet samples
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The bulk density of the feedstock particles prior to pelletization were recorded at
approximately 160 kg/m® and 180-240 kg/m? for raw-EFB and hydrochars, respectively.
The initial pellet density of raw-EFB measured from mass and volume of a single pellet
was 982 kg/m3, and the initial pellet density for HTT-180 hydrochar was 1122 kg/m®.
The initial pellet density increased with the severity of HTT. This is also in line with the
previous studies on the HT pretreated pellet [4, 21]. However, in this study, the initial
pellet density of HTT-180 hydrochar decreased after the washing process, while it was
increasing for HTT-220 hydrochars. The smaller particles of the washed HTT-220
hydrochar that has been discussed previously might be the reason of the higher mass
density of the washed HTT-220 hydrochar compared to the washed HTT-180 hydrochar
pellet. A similar trend was observed for the final pellet density measured after 1 day rest.

The pellet density of the raw-EFB decreased from 982 kg/m? to 785 kg/m® due to 25%
length expansion, as can be seen in Figure 4-7. In contrast, for the hydrochar pellets, the
expansion is less, particularly for the HTT-220 hydrochar pellet that only experienced a
0.84 % length expansion. The effect of the washing treatment was seen in the slight
increase of 1 — 1.5% of the expansion rate for all the hydrochar pellets. Stelte et al.
(2012) reported on the phenomenon where the biomass has tendency to expand after
palletization, which is known as “spring back effect”[20, 22]. The expansion rate also
can be a measure for the bonding quality between the biomass particles within a pellet.
If there is poor adhesion, the particles do not bind well together and the pellet expands
like a spring [20].
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Figure 4-8. Mass and energy densities of all the pellet samples

Previous research reported that this less length expansion of hydrochar pellets
confirmed the strong bonding between hydrochar particles and better durability of
hydrochar pellets [2]. In other words, the HTT is able to reduce the “spring back effect”
of the raw biomass. This effect may be caused by the hemicelluloses that usually acted
as visco-elastic component in the biomass fiber matrix [15, 23]; thus this component
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degradation during HTT reduced the stress relaxation of the component and lower the
“effect”. In other theory, the increase in the available lignin caused by HTT is said to be
responsible for the superior performance in the expansion test [5]. The lignin became
available for binding by the disruption of lignocellulosic biomass during HTT. The
pellets produced from hydrochars and washed hydrochars showed only limited
expansion, exhibiting a consistent dimensional stability compared to the raw-EFB.

Figure 4-8 presents the energy density of all the pellet samples. It can be seen from the
figure that the volumetric energy density (energy per volume) of raw-EFB pellets and
hydrochar pellets increased significantly, ranging from 18.3 GJ/m® to 22.3 GJ/m®, due
to densification. There should be no change in HHV of samples before and after the
pelletization. It was because most of lignocellulosic (hemicelluloses, cellulose and
lignin) composition of biomass does not start reacting until the material temperature
reaches 180°C [6, 21, 24], thus no compositional change should take place in biomass at
the room temperature of pelletization. No external binding material was used during
pelletization of raw and pre-treated EFB in this study; therefore, HHV remained
relatively unaffected.

4.3.3 Mechanical strength and durability of pellets

The mechanical strength and durability test is a good way to know the pellet strength
and quality in holding its shape without being disintegrate during transportation and
storage. The compressive strength of pellet is the measure of internal bonding strength
of the maximum force a pellet can withstand before its rupture during transportation and
storage [21]. The durability is defined as the ability of pellet to remain intact during
handling measured by the amount of fine particles generated after mechanical agitation
[25].

4.3.3.1  Compressive strength

Figure 4-9 shows the typical curves of the compressive force against the displacement
of the raw-EFB, hydrochar and washed hydrochar pellets. The compressive strength
was presented in a normalized maximum load to the pellet length, since each resulted
pellet has different length as shown in Figure 4-10.

As seen in Figure 4-9, the force that the pellet can withstand was higher for the treated
pellets (both HTT and HTW) compared with the raw-EFB. However, when comparing
the unwashed and washed pellet, the effect of washing was very obvious for the HTT-
180 pellet; giving higher force resistance compared to the unwashed one. While, it was
not so obvious in the case of HTT-220 pellets.
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Figure 4-9. The compressive force versus displacement curves of the pellets prepared
from raw EFB, hydrochars and washed hydrochars.
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Figure 4-10. The compressive strength of the raw-EFB, hydrochar and washed
hydrochar pellets

The maximum load required to break the pellet slightly decreased for the hydrochar
pellet with the increasing of the HTT severity; 3.98 N/mm and 3.79 N/mm for HTT-180
and HTT-220 pellets, respectively. The increase of the lignin content caused by the
thermal degradation of hemicelluloses contributed to the increase in the compressive
strength [4, 26]. In HTT, the hydrolysis reaction depolymerizes the hemicelluloses into
oligosaccharides or monosugars like xylose [27, 28]. The additional bonding strength of
the hydrochar pellets possibly caused by the formation of highly branched
polysaccharides by reverse reactions of monosugars during pelletization [4]. However,
too high percentage of lignin present, as in the hydrochar produced from HTT-220, can
act as a natural binder, but at the same time can make the pellets highly brittle [21, 24].
The less lignin in hydrochar pretreated at lower temperature (180°C) compare to higher
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one (220°C) make the pellet more elastic; therefore it requires more compressive load to
break the pellet [24]. The hemicelluloses degradation and the increase in the cellulose
content might also result in more brittle pellet after HTT at a higher temperature.

Washing the hydrochar could increase the strength of the pellets. The highest
compressive strength was obtained from the washed HTT-180 hydrochar with the
maximum load of 4.88 N/mm. The higher strength of washed hydrochar pellets might
be due to the removal of metal content during washing process that might exposed more
lignin for binding, thereby increasing the pellet strength.

4.3.3.2 Durability

In this study, durability or abrasive resistance was estimated by using the tumbling can
method. This method can determine the pellet quality in terms of the pellet durability
index (PDI), or, simply percent durability [14]. The high PDI means high quality pellets.
The PDI is defined as follows:

mass of particles>2mm after tumbling

PDI (%) =

x 100 (4-1)

initial mass of particles

Y,
j(b)'t

Figure 4-11. The appearance of the pellets after tumbling; (a) HTT-180 hydrochar pellet
and (b) HTT-220 hydrochar pellet

Figure 4-11 presents the appearance of the hydrochar pellets after the mechanical
agitation by the tumbling can method. From Figure 4-11, it can be seen that the HTT-
220 hydrochar pellets produced more fine particles compared to HTT-180 pellets. Only
from this visual observation, it can be predicted that HTT-220 pellets seem to have
lower durability than HTT-180 pellets.

Figure 4-12 shows the durability index of the pellets of the raw-EFB as well as the
hydrochar and washed hydrochar pellets. It is interesting to find that all pellets has quite
high index with more than 85%. Reza et al. (2012) reported the torrefied loblolly pine
pellets to have 78.5% durability, much lower than the raw-EFB pellets produced in this
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study. The durability index (PDI) of the raw-EFB was around 87.9%, and increased for
the hydrochar pellets. The PDI was seen to decrease with the increase of the HTT
temperature, for example, the PDI of HTT-180 was 98.4% and decreased to 91.8% for
the HTT-220 pellet. The lower durability of the HTT-220 pellets was due to the higher
amount of fine particles produced in HTT at a higher temperature, as has been discussed
in the section 4.3.1.2. These compacted fine particles (<300 um) are easy to disintegrate
and tend to shatter when the external agitation were given during the tumbling
experiment. The other reason is the brittle nature of the HTT-220 hydrochar which is
due to high content of lignin. Previous researches reported that the abrasive resistance
has been correlated to the particle distribution in biomass pellet [14, 29]. In those
studies, higher amount of fines in pellet is considered to create more durable pellets.
However, in this study, the higher fine particles together with the brittleness of the
particles made the pellets to have a lower durability. Moreover, other study reported
that at above threshold level of lignin plus extractive component of 34%, the pellet
durability decreased [14]. From the chemical composition analysis in Table 4-1, the
lignin plus extractives content for HTT -220 and HTW-220 hydrochars was higher that
34%, thus lower the strength and durability of the pellets.
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Figure 4-12. The durability index of raw-EFB, hydrochar and washed hydrochar pellets.

The washed HTT-180 hydrochar exhibited the highest durability among other pellets. It
can be observed that washing enhanced the durability of the pellets. The trend is quite
similar with the trend of the compressive strength meaning that the quality of the pellets
can be evaluated well with these parameters. The reason that can explain the higher
durability of washed HTT-180 hydrochar is the removal of extractives and ash content
that contributed to the better bonding of the particles thus increase the durability. To
meet the requirement of European pellet standard [30], the mechanical durability shall
be > 97.5%. Therefore, it was only pellets made from HTT-180 hydrochar and washed
HTT-180 hydrochar that can meet the standard.
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4.3.4 Hydrophobicity

The biodegradation of biomass pellets was strongly influenced by its moisture content.
The moisture content of the biomass largely depends on the surrounding atmosphere but
it also depends on the composition of biomass [7, 24]. From the previous chapter, it was
found that HTT makes the hydrochar hydrophobic and the hydrophobic nature will
increase with the treatment severity.
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Figure 4-13. The moisture uptake of raw EFB, hydrochar and washed hydrochar pellets
at 26-28°C and 75-80% relative humidity.

Figure 4-13 shows the moisture content of the pellets against the exposure time for 5 h.
Pellet produced from the raw-EFB exhibited the highest moisture uptake of 9.49% after
being exposed to the high humidity for 5 h, showing the hygroscopic behavior. On the
other hand, the moisture uptake of the hydrochar pellets was seen decreased
significantly compared to the corresponding raw-EFB pellet. The lowest moisture
uptake was observed for the HTT-220 hydrochar pellet for which the increase of the
moisture content is only 3.70% after 5 h exposure. The hydrochar pellets indeed
presented the hydropobic nature compared to the raw-EFB pellet. The hydrophobic
nature of hydrochar is coming from the lignin content. Among the biomass component,
hemicelluloses have the greatest capacity of water absorption, while lignin has only
little tendency to absorb water [7, 21]. Therefore, the removal of hemicelluloses from
the biomass will increase its hydrophobicity. Alternatively, the presence of pores on the
surface of raw EFB pellets, as discussed in sub-chapter 4.3.1.1, might increase the
tendency to absorb moisture content (free water) from the atmosphere [31]. These all
reasons explained the high hydrophobicity of the hydrochar pellets compared to the
raw-EFB.
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In case of HTT-180 hydrochar, the unwashed and washed hydrochar has no difference
in moisture uptake behavior. While, the washed HTT-220 hydrochar pellet showed
slightly higher uptake by 1.1% than unwashed, exhibiting a lower moisture resistance.
Hence, washing was seen to decrease the moisture resistance slightly. The possible
reason for this phenomenon is that the introduction of water during washing experiment
may reduce the hydrophobic nature of the hydrochar. However this is still a
presumption, more investigation is needed to explain this behavior.

The moisture uptake test results indicated that the pretreated EFB pellets has a good
resistance against moisture and highly hydrophobic in nature. Therefore, the pellets can
be safely stored for long time without being afraid of biological deterioration. Moreover,
the transportation cost will be less expensive, since there will be less water to transport
along with the biomass [21].

4.3.5 Morphology of pellet and bonding mechanism

The morphology was studied using the SEM of the cross—section for each pellet. The
morphology is important to investigate the bonding mechanism that works within the
pellets. Figure 4-14 presented the SEM images of the cross-section of the pellet samples
observed.

The binding forces that act between the individual particles in densified products have
been categorized into five major groups [14]. They are (i) solid bridges, (ii) attraction
forces between solid particles, (iii) mechanical interlocking bonds, (iv) adhesion and
cohesion forces, and (v) interfacial forces and capillary pressure. Due to the application
of high pressures and temperatures, solid bridges maybe developed by diffusion of
molecules from one particle to another at the points of contact. Solid bridges may also
be formed between particles due to the crystallization of some ingredients, chemical
reaction, hardening of binders and solidification of melted components. Solid bridges
are mainly formed after cooling/drying of densified products. Short-range forces such as
molecular [valance forces (i.e., free chemical bonds), hydrogen bridges and van der
Waals’ forces], electrostatic, and magnetic forces can cause solid particles to adhere to
each other if the particles are brought close enough together. During the compression
process, fibers, flat-shaped particles and bulky particles can interlock or fold about each
other resulting in interlocking bonds. Highly viscous binders (e.g., molasses and tar)
adhere to the surfaces of solid particles to generate strong bonds that are very similar to
those of solid bridges|[6, 14].

The raw-EFB fibrous structure was bound to the other particles poorly with large inter-
particle gaps, which is indicated in Figure 4-14 (a). This figure is indicating the poor
adhesion between particles. Poor adhesion is due to the lack of strong binding force
between inter-particles to minimize the expansion by stress relaxation in the raw-EFB
[15]. The large gaps reduced the attractive force between adjacent particles, as Valance
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forces are effective only if the inter-particle distance is about 10 A [6]. Van der Waals’
forces also believed to make the most contribution to all intermolecular attractive
effects and are partly responsible for the adhesion between particles less than 0.1 um
apart[6]. By applying high pressure, mechanical interlock may have taken place,
forming a pellet with low durability[24]. Therefore, mechanical interlock is thought to
be the main binding mechanism for the raw-EFB pellet.

Figure 4-14. SEM images of the cross section of (a) raw-EFB pellet, (b) HTT-180
pellet, (c) HTW-180 pellet, and (d) HTT-220 pellet at low magnification (33-37x)

However, the treated EFB pellets, both hydrochar and washed hydrochar, showed
smaller inter-particle distance, which is implying a good inter-particles adhesion, as
depicted in Figure 4-14 (b), 4-14 (c) and 4-14(d). In the point of view of enlarged
surface, it was attributed to the highly friable property of the hydrochars due to the
increased lignin content. As the consequence of the high friability, the hydrochar broke
down into small particles under the compressive force during the pelletization.
Accordingly, the contact area between particles was enlarged compared to the raw-EFB
pellet. The physico-chemical changes during HTT were obviously affecting the binding
properties of the biomass particles.
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Figure 4-16. The magnification of SEM images of HTT-220 pellet

Due to the absence of high temperature pelletization in this study, the attraction forces
between particles and the mechanical interlocking bonds are considered to be
responsible for the main type of bonding in this pelletization of hydrochar. However, in
this laboratory pelletization, pellets were made at 150 MPa pressure. Because of the
application of high pressures, particles were brought close together causing inter-
particle attraction forces, and the natural binding components in hydrochars were
squeezed out from the cells, which made solid bridges bonding may also take place
between the particles [6]. The solid bridge bonding mechanism can be observed in the
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magnification SEM images of HTW-180 pellets and HTT-220 pellets (see Figure 4-15
and Figure 4-16). This caused the pellets to become strong and durable, which was also
shown from their compressive strength and durability index value discussed earlier. The
crack in the surface particles, as seen in Figure 4-17, may facilitate the access for the
lignin to be squeezed out during the compression.

4.3.6 Energy input of compression of pellet

Figure 4-17 shows the typical curve of force versus displacement of the pellets during
the compression to form pellets. The force applied was initially small over the first 15-
30 mm displacement then followed by a rapid force increase for a short displacement of
about 5-10 mm. At the increasing force from 0 to 1 kN, the raw-EFB particles seem to
undergo a particle packing rearrangement, as seen from the larger area under the raw-
EFB curve than that of hydrochar curve. It means that under this force range, the
required compression energy is higher for raw-EFB than the hydrochar. The possible
explanation for this is because the hydrochars has smaller particle size that leads to the
easy compaction under the applied force [32]. However, at the further increase from 1
kN to 9 kN, the less steep slope in the plasticization region was seen for the hydrochar;
therefore it required more energy to make a pellet compared to the raw-EFB.
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Figure 4-17. The typical force-dicplacement plot during the compression

In total, the required compaction energy for the hydrochar pellet is 25.0 J, while for the
raw-EFB pellet is 18.62 J, as can be seen in Figure 4-18. The brittleness that coming
from the increase in the crystallinity and acid-insoluble lignin of the hydrochars due to
HTT can be a reason for the higher compaction energy required [4]. Among the three
major components of biomass, cellulose has a crystalline structure with the highest
modulus of elasticity. Hemicelluloses are the visco-elastic components of wood fiber
which introduce viscous effect among the amorphous lignin and the crystalline structure
of cellulose (rigid) in the fiber [15, 23]. The hydrolysis of hemicelluloses due to steam
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treatment leads to an increase in brittleness of the samples [33]. Therefore, the energy to
break the brittle particles was higher. Another reason to account for the increase in the
compression energy is due to the friction between the rough hydrochar particles during
the packing prior to the compression stage. Previous research reported that the
coefficient of friction of steam-treated agricultural residues was significantly higher
than the untreated particles [34].
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Figure 4-18. The compression energy required for making each pellet

The HTW-180 hydrochar exhibited the highest compression energy for making pellets.
The required compression energy was 35.86 J. Water washing was found to reduce the
extractive content of the biomass as well as increasing the relative amount of lignin in
the hydrochar particles. Nielsen et al. (2010) suggested that the extractives act as
plasticizers and lubricants, which minimize the energy required for compression [35].
Therefore, the removal of extractives from the HTT-180 hydrochars increases the
energy requirement for the pelletization. The increase of the lignin content also leads to
the elevated friability and increase the friction force during the compression; thus it also
increased the compression energy.

4.3.7 High HTT temperature consideration

Higher HTT temperature >220°C (230°C~) may decompose cellulose and further
decompose lignin at higher HTT temperature (>250°C). Other than hydrolysis and
dehydration reactions, decarboxylation, condensation polymerization and aromatization
reactions might also occur under such high temperature. Consequently, with increasing
the temperature severity, a product with higher carbon content is produced. In the point
of view of solid fuel properties, the hydrochar produced at such high temperature can
give significant advantage or improvement like high energy dense product due to higher
carbon content with lower oxygen and hydrogen content, giving a higher HHV. The
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hydrochar samples produced at high temperatures contained atomic ratios close to that
of lignite or even low rank coal. At the temperature of 240°C, hemicelluloses might
completely decompose, and the cellulose and lignin component probably underwent
only partial degradation, leaving a higher content of lignin in the hydrochars. High
lignin content is preferable, if the subsequent pelletization process will employ the
temperature higher than 100°C. It is because at its glass transition temperature (140°C),
lignin will be soften and melted to provide liquid bridges joining, acting as natural
binder during pelletization [24].

However, depending on the intended application of the products, higher temperature
HTT might also give disadvantage to the final application of the solid fuel, particularly
when we intend to produce it in the larger scale. In the large scale, higher HTT
temperature means that higher pressure boiler will be needed. Moreover, too high boiler
pressure is impractical in the commercial scale, due to increasing investment cost for
pressure equipment as well as higher energy consumption generally [36]. The objective
of HTT in our study focused on the improvement of the EFB biomass in term of
potassium removal and pelletization (heatless and binderless to minimize cost) to
produce clean and high quality pellets. In the point of view of pelletization process, the
high lignin content hydrochar produced at high HTT temperature is not desirable since
too high lignin content will make the hydrochar highly friable and highly brittle, thus
reducing the durability and mechanical strength of the pellets which then lower the
pellet quality as already discussed in the sub-chapter 4.3.2.
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Figure 4-19. Effect of pre-treatment type on the durability and strength of pellets
(adapted from [37])

PS Lam et al [15] reported that the elastic modulus is related to the chemical
composition of the treated materials, and therefore the most severe steam treatment
would cause a relatively large variation in mechanical properties of pellets. From the
result in his study, a less severe treatment at 200°C would be the optimum temperature

94



to produce the hardest pellets with a lesser variation in mechanical properties. In
addition, Figure 4-19 from a study by Kambo (2014) [37] showed that there is an
optimum pre-treatment condition to produce a strong and durable pellet. In short, the
most severe treatment did not mean that it will produce the strongest and the most
durable pellets.

The advantage and disadvantage of the higher HTT reaction temperature is listed as
follows:

Advantage:

1. Decompose cellulose, increased carbon content, decreased hydrogen, and increased
energy density thus giving higher HHV.

2. In the high temperature pelletization, higher lignin might become a good binder and
increase the durability and strength of the pellets.

3. The hydrochar samples produced at 260°C contained atomic ratios close to that of
lignite

Disadvantage:

1. High energy consumption for the HTT process

2. Too high pressure is not practical in the commercial scale

3. In the point of view of heat-less pelletization process, higher HTT temperature will
produce highly friable and highly brittle hydrochar, thus reducing the durability and
mechanical strength of the pellets which then lower the pellet quality.

4. Low product mass yield

4.4 Summary

This chapter mainly discussed the effect of the HTT and washing co-treatment on the
pelletization behavior and the properties of the produced pellets. The comparison of the
pellets produced from the hydrochar and washed hydrochar was performed. The
pelletization of the raw EFB, HTT-EFB and washed HTT-EFB was conducted using a
single pellet making device. The experiment was performed in the room temperature
under the pressure of 150 MPa. The result from the pelletization experiments can be
summarized as follows:

1. From the appearance, the surface of the hydrochar pellets was very compact and
uniform without visible voids. It means that the hydrochar pellets indicate better
adhesion that lead to good mechanical durability compared to raw-EFB pellets.

2. The pellet mass density and the volumetric energy density were enhanced due to
the pelletization for all the pellet samples. In addition, the hydrochar and washed
hydrochar pellets have less length expansion that indicated a more stable dimension.

3. Washed hydrochar pellets show high mechanical strength, and durability compared
to hydrochar and raw EFB pellets. However, the hydrochar pellets show the
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hydrophobic nature against moisture exposure better than the washed hydrochar
pellets.

The composition of biomass plays an important role in the bonding mechanism
during the pelletization. The attraction forces between particles and the mechanical
interlocking bonds are considered to be responsible for the main type of bonding in
this pelletization of hydrochar.

The pretreated pellets required higher energy for making pellet (the compression
energy input) compared to the raw-EFB. The washed hydrochar has the highest
compression energy among other pellets.

The improvement in the mechanical strength and the moisture adsorption resistance
of pre-treated pellets are attractive for outdoor storage for end-users.

In conclusion, combining densification, HTT and washing co-treatment is promising for
upgrading biomass into clean, energy dense, homogenous, friable, durable and
hydrophobic solid fuel.
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Chapter 5. Evaluation of the leachate for agricultural
purpose

Abstract: Chapter 5 discusses about the possibility to use the leachate from the
washing process of HTT-EFB for agricultural purpose. The properties of the
leachate were analyzed for its macronutrient, pH and EC. The phytotoxicity effect
of the leachate on the plant growth by means of seed germination was also
performed and discussed in this chapter. The result showed that EC was
acceptable for plant application. Considering the macronutrients amount, this
leachate could not be used as a universal fertilizer, but primarily as an organic
nutrient supplement. A proper dilution factor was found to reduce the
phytotoxicity effect of the leachates to the plant growth.

5.1 Introduction

In the previous chapter, the washing treatment of the hydrochar was conducted
following the HTT treatment. The washing process produced a substantial amount of
washing water or leachates. In the large scale application, this washing water generally
should be treated in the waste water treatment facility before discharge. Because the
leachate is considered still rich in potassium content, which contains around 8% of
potassium present in the raw-EFB biomass, it is thought that it will become a huge
benefit to recycle the nutrient back to the soil and utilize the leachates for further
application to fertilize the palm oil plantation.

Therefore, this chapter aims to investigate the possibility to utilize the washing water
(or leachates) produced from the previous washing process of hydrochars for organic
fertilizer or nutrient recovery. The properties of the leachate were analyzed for its
macronutrient, pH and EC. The phytotoxicity effect of the leachate on the plant growth
by means of seed germination was also performed and discussed in this chapter. The
result will then be used to decide the safety approach when applying the leachate back
to the palm oil plantation.

5.2 Material and methods
5.2.1 Washing treatment
The leachate was produced from the washing experiment that follows the HTT

experiments. The washing process was applied for different hydrochars obtained from
the HTT experiment. The washing experiment procedure has been explained in Chapter
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3. Five samples; raw EFB, hydrochar produced at 100 °C (HTT- 100), HTT-150, HTT-
180, and HTT-220 were used in the washing experiment. The biomass to distilled water
ratio was 1 : 10. After the washing process, the mixture was separated using a vacuum
filter. The liquid sample obtained after washing is designated as leachate in this chapter,
and named as LW followed by the temperature in which the hydrochar was produced.
5.2.2 Analysis

5221 pHandEC

The acidity and the electric conductivity is an important factor for liquid subjected to
agricultural purpose. The pH and the EC values of the leachate were determined by
using a pH meter (Laqua pH meter F-72, Horiba, Japan) and an EC meter (Laqua Cond
meter DS-72, Horiba, Japan). The analyzer was depicted in Figure 5-1.

Figure 5-1. pH meter

- T

Figure 5-2. TOC-L with unit TNM-L
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5.2.2.2  Total carbon and total nitrogen

The total carbon (TC) and the total nitrogen (TN) of the produced leachate were
analyzed by TOC analyzer (TOC-L) attached with TN unit (TNM-L) (Shimadzu, Japan).
The analyzer is shown in Figure 5-2. The basic principle for quantization of the total
carbon and the total nitrogen relies on the destruction of material via heat at elevated
temperatures. The equipment was operated in the temperature range of 600°C — 800°C.
All carbon forms are converted into CO,, while nitrogen forms are changed into NO.

5223 ICP analysis

The macronutrient elements contained in the leachate, in this case the potassium (K)
and phosphorus (P), were determined using the ICP emission spectroscopy (ICPS-8100,
Shimadzu, Japan). The filtered sample of around 20 ml was prepared for the analysis to
prevent clogging in the ICP.

Figure 5-3. Seed germination test

5224 Seed Germination

To evaluate the phytotoxicity of the liquid, a germination test was performed. Twenty
seeds of komatsuna (Brassica rapa var. perviridis) were placed in a petri dish containing
special filter paper (Tanepita, FHK, Japan), added with 3 ml distilled water as control,
or the leachate samples. The leachate samples were diluted to different solutions. The
petri dishes were then incubated at 25°C for 96 hours in the dark room. Three replicates
were set out for each treatment, including distilled water that was used as a control as
presented in Figure 5-3.
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After incubated, germinated seeds were counted, and the root and the shoot length were
measured. The GI was then calculated using the Germination Index formula [1] as
follows:

. . . __ S§§ XMRL; _
Germination index (GI) = SoxMRL, < 100 (5-1)
Where,

S; = average number of seed germinated in the sample
Sc = average number of seed germinated in the control

MRL; = average of the root length in the sample
MRL, = average of the root length in the control

Data were analyzed statistically using ANOVA provided by Data Analysis ToolPack of
the Excel and means were compared by Fisher's Least Significant Difference (LSD) test
at 5% probability level to determine the significant difference among the various
treatment [2].

5.3 Results and discussion

5.3.1 pH and EC of the leachate

The leachate is intended to be use for fertilizing the palm oil plantation. The properties
of the leachate were expected to have similar properties of that of mature compost to be
applied to the plants. The variations in pH and EC are known to be useful parameters
for monitoring the composting process [3]. In addition, pH and EC are considered
important compost parameters because they can affect the quality and suitability of the
final product for plant growth. The compost pH value ranging from 5.5 to 8.5 is
considered to be acceptable and the EC value higher than 1.5 dS/m and 4.0 dS/m are
considered to be the upper limit values for growing media and tolerable by plants of
medium sensitivity, respectively [1, 4]. The pH and EC values of the leachate produced
from washing the hydrochars are shown in Table 5-1.

The increase in the acidity in leachate product was observed with the increase of the
HTT temperature, as shown in Table 5-1. pH is near neutral value for leachate coming
from hydrochar produced at lower temperature (LW-100). Considering that the distilled
water was originally neutral, the acidic condition of the leachates was possibly occurred
due to the formation of organic acids that typically took place during the HTT process
[5]. The organic acids might be still left in the hydrochar pores, and enter water during
the washing process. During HTT, the degradation of hemicellulose, cellulose and
extractives produces concentrated sugars and organic acids. These produced sugars and
organic acids inside the hydrochar will be extracted during washing and will decrease
pH of the leachates. This organic acid extraction finding has also been discussed in
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FTIR section in Chapter 3. From Table 5-1, it can be seen that LW-220 has pH as low
as 5.24. It was found that more severe decomposition that occurred at a higher HTT
temperature will result in more formation of organic acids, thus increases the acidity of
the leachate from higher temperature hydrochar. As stated previously, the optimum pH
value for plants to take up nutrients that applied to the root zone and foliage is ranging
from 5.5- 8.5 [1]. Therefore it can be seen, that only LW-100 and LW-150 is considered
acceptable to be applied for plants without dilution.

Table 5-1. The pH and EC values of leachates obtained from washing of hydrochars

Sample pH EC(dS/m)
average SD average SD
LW-100 6.76 0.09 1.44 0.03
LW-150 6.30 0.08 1.55 0.01
LW-180 5.42 0.02 1.41 0.01
LW-220 5.24 0.03 1.49 0.04

The EC value is usually measured because it reflects salinity of the composting product
and its suitability for plant growth [2]. From Table 5-1, it can be noticed that the EC
values of the leachates are in the range of 1.41 to 1.55 dS/m, and there is no clear trend
in the EC values data. The EC of the leachates were mainly due to the extraction of salt
or alkali metal, and the soluble organic ions during washing experiment. The alkali
metals would have caused a rise in salinity[5]. The EC value of 1.5 dS/m is considered
acceptable [1], because too high concentration of soluble organics can reduce growth
because the ions contributing to high EC could compete with fertilizer nutrients for
plant uptake. Except for LW-150, the other leachates cannot be considered acceptable
for plant growth. Since low pH and high EC may harm to the plant growth, the dilution
of the leachates might be a good way to ease the risk when applying as liquid organic
fertilizer.

5.3.2 Macronutrient of the leachate

Plants need macronutrients, essential elements required in relatively large amounts, for
plant growth. Among them, nitrogen (N), phosphorous (P) and potassium (K) are
considered as the primary macronutrients. The macronutrients content in the leachates
produced from hydrochar washing were also analyzed, and presented in Table 5-2.

Nevertheless, the macronutrients concentration shown in Table 5 is comparatively not
so significant compared with those of commercial liquid fertilizers. The N content in the
raw-EFB apparently very low, only 0.6% wt. The HTT process might solubilize some
nitrogen from the hydrochars. Therefore, the only source of the nitrogen in the leachates
is organically bound N presents in the hydrochar, that commonly hard to be leached out.
It can be concluded that the low nitrogen content in liquid residue is attributed to the
low initial nitrogen content in raw EFB.
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Table 5-2. The macronutrients and the TC values of the hydrochar leachates

Sample TN (ppm) P (ppm) K (ppm) TC (ppm)
average SD awverage SD  average SD average SD
LW-100 151.2 329 6.880 0.06 531.2 3.58 737.3 38.7
LW-150 1540 25.8 5.820 0.07 491.7 6.22 763.9 10.5
LW-180 2358 198 8.070 0.14 516.6 5.04 1775 39.7
LW-220 203.7 294 8.440 0.06 503.6  8.58 1629 17.0

Compared to TN, the potassium (K) content is still quite high. This is due to the
extraction of the soluble K* during washing. The lignocellulosic breakdown and the
porous structure of the hydrochar enlarged the surface area contacted with water, thus
enhancing the diffusion of K to water. The phosphorus (P) content is very low in all
leachates. Considering its application as fertilizer, the amounts of N, P and K applied
with this leachate would only cover a part of crops need, so this leachate could not be
used as a universal fertilizer, but primarily as an organic nutrient supplement. The
additional organic fertilizer rich in N might be required to increase the nutrient
concentration.

5.3.3 C/N ratio

The C/N ratio is an essential agronomic parameter of the final compost product, which
plays an important role in release of the nutrients to the soil [6]. A mature compost
should have a C/N ratio below 25 and the best ones are preferable below 10 [7]. The
C/N ratio is the first important aspect for determining the quality of fertilizers, if the
C/N ratio is over than 25, the microbes in soil will surely take the nitrogen for its
growth thus the plants will insufficiently absorb nutrient from fertilizers. In addition, if
organic fertilizer has the C/N ratio larger than 20:1 (low nitrogen), soil microbes cannot
obtain enough nitrogen and cause a loss of plant available nitrogen (deficiency) called
immobilization. Therefore the C/N ratio below 10 is preferable so that the balance of
nitrogen for microbe’s activity and plant growth will be adequately sufficient.

9.0 -
80 - 7.5
7.0
o 80 7
50 -
Z 40 -
©30 -
2.0
1.0 -
0.0

8.0

4.9 5.0

LW-100 LW-150 LW-180 LW-220

Figure 5-4. The C/N ratio of all the leachate samples
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As the HTT temperature increased, more carbon compounds was found in leachates,
presented as the total carbon content (TC) listed in Table 5-2. The higher TC in the
leachates from the higher temperature hydrochar washing might be due to the sugars,
organic acids and their derivatives under the treatment temperature high enough for
hemicelluloses and cellulose degradation.

The C/N ratios of the leachates from washed hydrochars are illustrated in Figure 5-4.
The C/N ratios trend to be also positively correlated with the increasing HTT
temperature, which resulted in the higher C/N ratio, as can be seen in Figure 5-4. The
calculated C/N ratios for these leachates are highly determined by the TC content, since
the TN content is relatively similar. All leachate samples showed the C/N ratio below
10, with the highest C/N ratios was observed at 8.0 for LW-220, means that the ratios
were acceptable. The leachates nutrient content allowed the balance of nitrogen for
microbe’s activity and considered adequately sufficient for plant growth

5.3.4 Phytotoxicity

It is important to consider the safety requirement since the produced liquid is intended
to be used for use in the palm oil plantation. The evaluation of the toxicity by the
biological testing was conducted for screening the suitability of waste for agricultural
application. The seed germination and the plant growth bioassay are the most common
techniques used to evaluate compost phytotoxicity [8]. A seed germination test has
been used as rapid, simple, reliable, and reproducible techniques to indicate the
damaging effect of land application of animal manure, compost and sewage sludge on
the plant growth [9].

Table 5-3. Effect of leachates from washed hydrochars on the germination of
Komatsuna seedlings

Germination Index (Gl)

Dilution LW-100 LW-150 LW-180 LW-220
No dilution  15.4 + 22.5ab 29.1 +£50.4abc 53 +9.1a 0.0 £0.0a
10 times 91.1 £17.7bcd 82.2 + 30.6abcd 123.8 £22.3d 145.9 + 2.5d
20 times 103.5 + 20.0cd 99.9 + 22.1cd 119.5+9.5d 131.8 +31.3d

The results are the means of three replicates + standard error. Value followed by the same letter(s) do not differ
significantly according to LSD test (a=0.05).

The detail of the effect of the leachates from washing process of the hydrochars on the
Komatsuna seed is shown in Table 5-3. It was found that using the leachates without
dilution in the germination test resulted in the poor germination. The germination index
of all the leachates was lower than 30%. Low germination was thought to be due to a
too high carbon concentration in the leachates that attributed to the soluble organics and
other compounds. The formation of potentially toxic substances like phenols, furfurals
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and their derivatives might occur during HTT process, and leached out during washing
treatment. At a higher temperature, more organic acids, soluble salts and excessive ions
were also dissolved which then could cause fertilizer burn and seed damage. The acidity
that has been explained earlier might also contribute to the lower GI.

Figure 5-5. Seed germinated using leachates from washed hydrochars (left: 10 times
dilution, right: 20 times dilution)

Dilution to lower concentration has a tendency to increase Gl which implies the
decreasing of the harmful effect of leachates. Table 5-3 shows that all leachates with 10
times dilution (TC range from 70-180 ppm) gave GI higher than 80%, even Gl 145.9%
can be obtained from seed germinated by leachate LW-220. It is found that for compost
as a reference, GI of > 80% is considered to be phytotoxic free [10]. Therefore the
leachates diluted by 10 times did not show any detrimental effect as seen in Figure 5-5.

It is interesting to find that Gl of all the 20-times diluted leachates was close to >100%,
but in the case of LW-180 and LW-220, Gl was lower than the 10 times diluted
leachates. Too high dilution might reduce the concentration of the nutrient content in
the leachates, particularly the N and P concentrations. Actually, the N and P contents of
LW-180 and LW-220 was quite high, however the high TC inhibited the germination.
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When the dilution applied, in the case of 10 times dilution, toxic effect is disappeared
and the higher nutrient content enhanced the germination. As a result, GI was higher
than the 20 times dilution leachates.

Therefore, the dilution factor is one of important keys in the safe application of liquid
fertilizer coming from EFB. However, excessive dilution is also not desirable since it
will lower the essential nutrient needed for plant growth. The optimized dilution factor
should be calculated in order to find the point where it can suppress the phytotoxic
effect while maintained enough nutrient for the plants.

5.4 Summary

The evaluation of the leachates produced from the washing treatment of hydrochars has
been performed. The properties of the leachate were evaluated by analyzing its
macronutrient, pH and EC. The phytotoxicity of the leachate by means of seed
germination was also performed. The results were summarized as follows:

1. Only the pH value of LW-100 is acceptable, while the EC value is acceptable for all
the leachate samples. The dilution of the leachates might be a good way to ease the
risk when applying as fertilizer.

2. Considering its amounts of N, P and K macronutrients, this leachate could not be
used as a universal fertilizer, but primarily as an organic nutrient supplement. The
additional organic fertilizer rich in N might be required to increase the nutrient
concentration.

3. All leachate samples showed the C/N ratio below 10, which is acceptable. The
leachates nutrient content allowed the balance of nitrogen for microbe’s activity and
considered adequately sufficient for the plant growth

4. From the germination test results, the 10 times dilution is enough to safely apply the
leachates back to the plantation.

5. The proper dilution factor was able to suppress the phytotoxic effect of the leachates,
and the optimized dilution should be calculated to maintain enough nutrient for the
plants.

In conclusion, the leachates from the washing process can be applied back to the

plantation with a proper dilution factor. This can eliminate the need of water treatment
to treat the washing water and reduce the cost of the treatment.
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Chapter 6. Conclusions and Recommendation

6.1 Conclusions

In this thesis, the study on production of clean and durable pellets from palm oil empty
fruit bunch by combination of the hydrothermal treatment (HTT) and the washing
treatment has been conducted. The outline of this thesis is illustrated in Figure 6-1. Each
chapter has its own objective to be realized.

|

Wet biomass Potassium content Low bulk density

] ] ]
= = =

leachate L

Figure 6-1. Outline of this research

In this section, the general conclusions are drawn regarding the work reported in the
previous chapters. The conclusions both in each study can be summarized as follows:

1. Chapter 2, Hydrothermal upgrading of empty fruit bunch, showed that the fuel
qualities of the product was improved after HTT; such as a higher carbon content, a
higher energy density, lower O/C and H/C ratios compared with the raw feedstock.
The calorific value of the hydrochar is equal to low-grade sub-bituminous coal. The
main reaction pathways that might occur during the HTT process at a mild
temperature were the dehydration and the hydrolysis. Considering the energy
consumption and fuel property, HTT at 180°C is found to be most favorable for
large-scale production of solid fuel from EFB.

2. Chapter 3, Low potassium fuel from empty fruit bunch via hydrothermal treatment
and water washing, reported that the major removal of potassium was attributed to
the HTT process. The 92% potassium removal can be achieved by the HTT and
washing co-treatment. The combination also lowered the ash content and the
chlorine content of EFB down to 0.9% and 0.19%, respectively. It was found that
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180°C was the optimum HTT temperature for the effective potassium removal.
Combination of HTT and the water washing improved the slagging and fouling
indices, exhibiting positive results in the term of the deposition tendency, thus
clarified that the removal of potassium may lead to lower deposition tendency.

Chapter 4, Pelletized fuel from EFB hydrochar and washed EFB hydrochar,
explained that pellets treated by the HTT and washing has better quality; such as
high mechanical strength, high durability and resistance to the atmospheric moisture.
In addition, it also has lower ash and alkali metal contents. It was found that the
changes in the composition of EFB biomass by HTT and the washing process
regulates the pelletization behavior and affects the bonding mechanism during the
pelletization.

Chapter 5, Evaluation of the leachates for agricultural purpose, showed that the
leachate has an acceptable EC value and acceptable C/N ratio for agriculture. The
leachate can be regarded as organic nutrient supplement. Therefore, the leachates
from the washing process can be applied back to the plantation with a proper
dilution factor. This can eliminate the need of water treatment to treat the washing
water and reduce the cost of the treatment.

Finally, the combination of the pelletization, HTT, and the washing co-treatment is
promising for upgrading abundant EFB biomass into clean, energy dense, homogenous,
friable, durable, and hydrophobic solid fuel that is ready for domestic and international
markets, while dealing with the waste EFB problem in the plantation.

6.2 Recommendations

In order to commercialize the integrated process of HTT, the washing treatment and the
pelletization, and to better understand the real combustion application of the pellet fuel,
the following works are recommended for further studies:

1.

In this study, the only dominant variable is considered to be the HTT reaction
temperature. Nevertheless, other variables are negligible. To design the HTT
process and commercialize it, all the variables need to be considered and optimized.
From the previous results, hydrochar produced at 180°C is by far the most
promising for bigger scale application considering its energy consumption. The
HTC process requires energy to make solid fuel, and it will be extremely useful to
study the techno-economic analyses of the bigger scale HTT process to prove the
usability of this process.

In this study, the gaseous products were ignored, but the gaseous products might
have some volatile organic components, which should be considered accordingly. In
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this work, the gaseous products were not considered. A detailed study on gaseous
products should be conducted to reveal whether they contain high value products

In Chapter 3, only the behavior and removal of potassium is considered in the
washing treatment. The investigation of other inorganics may give understanding of
the all inorganic behavior during HTT and washing. The ash forming elements other
than potassium might have a catalytic effect in the combustion and have effect in the
ash deposition tendency of the fuel.

The pellets were prepared under only one set of operating conditions, which could
be optimized by changing the pelletization pressure or temperature. More
investigation needs to be conducted for better optimization.

Firing or co-firing the pellet fuel with coal in existing coal power plants might be
commercially advantageous. Therefore, the combustion test in the lab scale and real
combustor (fixed bed or fluidized bed) should be conducted to evaluate the
combustion characteristics in the real application. This also can be a good way to
investigate and to do validation on the fouling and slagging behavior of the treated
pellet fuel in the real combustor.

For the overall process systems to produce clean and durable pellets, the studies on
the large scale application including the life cycle and socio-economic analyses
should be conducted as well.
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