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Abstract

There is increasing concern of greenhouse gas effect and the depletion of fossil fuels. Different
renewable energy sources such as hydro, wind, solar have been considered as a potential
replacement for fossil fuel. Bio-energy, energy produced from biological component such as
animal and plant products, is one of the renewable energy that is extensively being researched
around the globe. Biofuels produced from woody biomass is largely affected by its properties such
as moisture content, ash content, heating value and particle size. Woody biomass is pretreated and
preprocessed such that the resulting properties best suit the conversion process. Soil particles, also
known as detrital ash lowers, energy value of biomass and its thermochemical conversion process
into products. This study aims to reduce the amount of soil contaminants in woody biomass and

study the effect of ash content on pyrolysis products.

Vibratory sieve shaker, hammer mill, and mixer were selected as the physical treatment processes
used to remove soil particles from surface of woodchips and thereby reducing the ash content.
Vibratory sieve shaker produces vibratory force, mixer generates rotary motion as a result
woodchips collide with each other which can separate the soil particles form the woodchips.
Hammer mill breaks the woodchips by beating action of the hammer, and the impact force

generated can separate the dirt particles from the woodchips.

The treatments were tested on (i) sweetgum, (ii) residual pinewood, (iii) whole pinewood, and (iv)

dirty pinewood that were at different levels of ash and moisture contents. The ash and moisture



contents of dirty pinewood was maintained at required levels by adding calculated amount of soil
and water. All of the three treatment processes significantly reduced (p<0.05) the ash content of
the whole pinewood, residual pinewood and sweetgum that had initial ash contents of about 2%.
Mixer reduced the ash content of sweetgum, whole pinewood and residual pinewood from 2.14%,
2.31% and 1.69% to 1.71%, 1.73% and 1.20%, respectively. Similarly vibratory sieve shaker
reduced the ash content to 1.66%, 1.90% and 1.24%. However, the hammer mill treatment was
more efficient in reducing the ash content for pinewood with higher ash content (>5%)
significantly compared to other two process. The ash content of pinewood with initial ash content
of 6.64%, 8.34% and 10.40% was reduced to 1.88%, 3.36% and 3.15%, respectively by hammer
mill treatment. The reduction in ash content resulted into increases in volatile matter and heating
value of the treated biomass. Ash reduction rate was highest at 10% moisture content for samples
treated with vibratory sieve shaker and with mixer. Hammer mill significantly reduced ash content
at different moisture content level but no significance reduction between different moisture

contents was observed.

Pyrolysis was carried on the woodchips at ash contents 0.56%, 1.16%, 2.77%, 4.40%, 6.87%,
8.35% and 15.52% to understand the effect of ash reduction from physical treatments. Increasing
ash content of biomass decreased the volatile matter, carbon and hydrogen contents of biomass
thereby reducing bio-oil yield reduced from 47.09 % to 26.28 %. The water content and ash content
of bio-oil increased with increase in ash content of biomass. The carbon and hydrogen content of
the bio-char decreased with the increase in the ash content of the biomass. Furthermore, the ash

content of the bio-char increased which resulted in the decrease of heating value of the bio-char.
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CHAPTER ONE

INTRODUCTION

1.1 Rationale

The world’s economy highly depends upon fossil fuel sources such as coal, oil and natural gas.
The extensive use of these fossil fuel sources to produce fuels, chemical products and electricity
has depleted the fossil fuel resources and has further increased concerns over greenhouse gas
emissions (Lynd and Wang, 2003; Uihlein and Schebek, 2009). The global consumption of fossil
fuel was estimated to increase to 92 million barrels per day in 2014, which will further grow by 1
million barrels per day in both 2015 and 2016. The United States imports more than nine million
barrels of oil per day to meet its energy requirement (EIA, 2015). The Energy Independence and
Security Act (EISA, 2007) has mandated the use of 36 billion gallons of transportation renewable
fuels by 2022. In addition to the environmental impact of utilizing fossil fuels, there are economic
implications due to dominance by the Organization of Petroleum Exporting Countries (OPEC) for

crude oil supply.

Biomass is a viable replacement for crude oil because it contains high concentration of carbon and
hydrogen (Lepori and Soltes, 1985) and thus, can be a potential alternative source of liquid fuels,
chemical products that are currently obtained from the crude oil. Biomass is renewable source of
energy which can be used in waste-to-energy conversion facilities such as production of heat and
electric power (Maglinao et al., 2008). The conversion of biomass into solid and liquid fuel can
take place by thermochemical or biochemical conversion processes.
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The issues with the thermochemical conversion process include presence of inorganic compounds
in biomass known as ash content. Major (Al, Ca, Fe, K, Mg, Na, P, Si, Ti) and minor (As, Ba, Cd,
Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Sb, Tl, V, Zn) ash forming elements present in the biomass are
not converted into fuels and further can change the properties of the energy product. Presence of
inorganic compounds leads to slagging, fouling, bed agglomeration and corrosion (Werkelin et al.,

2010).

Ash is introduced into biomass in two ways: the first through uptake of mineral for growth and
second through harvesting and storage during biomass handling. Study by Werkelin et al. (2005)
reported dry ash content of branch bark of pine to be maximum of 3.3% but the ash content in
woody biomass depends upon the handling and storage operation after the woody biomass is
harvested and thus can result in higher ash content (Dukes et al., 2013; Baernthaler et al., 2006;
Bakker and Elbersen, 2005). This is because of the soil and sand contamination during biomass
handling and storage. Removal of soil particles will improve the quality of biomass feedstock and

increase its energy potential during thermochemical conversion.

The fast pyrolysis process is considered as one of the most effective means of converting biomass
to useful products due to its high liquid yield, quick conversion and the useful application of by-
products such as char and syngas (Bridgwater et al., 1999; Piskorz et al., 1989). The bio-oil
produced from fast pyrolysis can be directly utilized as fuel or as an additives to fossil fuels, boilers
and heating furnaces (Czernik and Bridgwater, 2004). The quality and quantity of bio-oil produced
is dependent on various factors such as temperature, residence time, particle size and feedstock
composition (Park et al., 2008; Sensoz et al., 2000; Boateng, 2007). Studies have also documented
that the bio-oil yield is largely dependent on the ash content of the biomass. Ooasmaa et al. (2010)

conducted pyrolysis at 480-500°C for nine different biomass such was pine saw dust, eucalyptus
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and rapeseed straw whose ash content varied from 0.10% to 6.10% and found that bio-oil yield

decreased with increment in the ash content as shown in Figure 1.1.

Vield wi

L 0.5 ] 1.5 i 25 3 a5 i

Figure 1.1 Correlation of bio-oil yield and feedstock ash in pyrolysis of biomass (Ooasmaa
et al., 2010)

1.2 Goals and objectives
The overall objective of this study was to reduce soil contaminants in woody biomass thereby
reducing the ash content and to establish a general understanding on the effect of ash content on

the bio-oil produced from fast pyrolysis. This overall objective was accomplished by two specific

objectives listed below.

1.2.1 To reduce the ash content of biomass following three physical treatment processes and to
study the effect of moisture content and initial ash content on the reduction efficiency.

1.2.2 To understand the effect of ash content on characteristics and quantity of pyrolysis

products.



1.3 Structure of thesis

The thesis has been divided into four chapters.

Chapter one encompasses the brief introduction of the objectives and structure of the
research.

Chapter two focuses on the literature review carried out during this study in order to
develop an understanding of the fundamentals for this study. It includes review of the
different methods to remove or reduce the ash content and a brief review of fast pyrolysis
process.

Chapter three covers the experimental setup used for ash reduction in this study. It also
includes the results obtained from analysis of treated biomass.

Chapter four comprises the experimental study, methodology and results obtained from
fast pyrolysis experiment carried on biomass at ash contents that vary from 0.5% to 15%.
Chapter five consists of the conclusions obtained from this study and discusses upon the

future recommendations.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Energy scenario

The development and financial progress of a country depends upon its energy production and
consumption. The major sources of energy that currently fuels the modernization of today’s society
are obtained from fossil fuels such as coal, oil and natural gas. However, the use of fossil fuel in
the long run is not sustainable and can further cause environmental problems such as greenhouse

gas emissions (Uihlein and Schebek, 2009).

The global consumption of fossil fuel was 92.2 million barrels per day for the year 2014 which is
further expected to increase by 1 million barrels per day in the year 2015 and 2016. In addition,
the U.S. liquid fuels consumption increased by an estimate of 0.4% in the year 2014 with motor
gasoline consumption increased by 0.9%, distillate consumption increased by 4.8% and jet fuel
consumption increased by 2.5% in the year 2014. It is estimated that the total liquid fuel
consumption to grow by 340,000 barrels per day (1.6%) in the U.S (EIA, 2015). Close to 72% of
the U.S energy demand and 87% of the world energy demand is obtained from fossils fuels. (EIA,

2014).

The continuous extraction of fossil fuel not only depletes the reservoir of fossils fuels but it also
imposes adverse environmental impacts. The ongoing search for alternative source of energy can

include studies on renewable energy source such as wind energy, solar energy, biomass energy



and geothermal energy (IEA, 2006; Stelt et al., 2011). The energy attained from renewable sources
was about 9% in the United States (EIA, 2013). It is further projected that energy from renewables

in electricity and heat generation section will grow by 2.9% in 2015 and 1.9% in 2016.
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Source: Short-Term Energy Outlook, March 2015.

Figure 2.1 Renewable energy supply in Unites States (EIA, 2015)

Figure 2.1 shows the increase in the use of hydropower, wood biomass and liquid biofuels as an
effective source of energy in the U.S. The figure also shows that woody biomass has been

constantly and steadily utilized to generate energy.

Biomass are organic or living material such as agricultural crops, forest products and residues,
insects and animal wastes. Primary sources of biomass includes the forest and agricultural crops
(Hodge, 2010; ASABE, 2011). Biomass is mainly comprised of cellulose, hemicellulose, lignin,
extractives and ash content (Zhou et al., 2015). Biomass has important advantage as a combustion
feedstock due to its high volatility of fuel and the high reactivity of the fuel (Demirbas, 2004). Out

of all the renewable sources of energy, biomass is the only source of sustainable carbon.



The success of use of biomass as an alternative sources depends upon biomass logistics and energy
conversion process (Tembo et al., 2003). Biomass can be converted into biofuel or bioenergy
through thermochemical or biochemical pathways (Demirbas, 2001). The energy value of the
biomass is largely dependent on its volatile matter, fixed carbon and ash content. Biomass with
high volatile matter, high carbon and low ash content is preferable for energy conversion. The
properties of some biomass feedstock are summarized in Table 2.1. The ash content of woody
biomass such as poplar, sawdust are typically in the low range of 2% whereas the ash content of

the herbaceous biomass are higher with rice husk having ash content of 22.6%.

Table 2.1 Common properties of biomass (dry basis)

Ash Volatile Fixed
content matter carbon
Fuel sample (%,d.b.) | (%d.b.) | (%,d.b.) Source
Hazelnut shell 1.5 76.3 21.2 Demirbas, 1997
Sawdust 2.8 82.2 15.0 Abbas et al., 1994
Corn stover 5.1 84.0 10.9 Claar et al., 1981
Poplar 1.3 74.0 16.4 Ebeling and Jenkins, 1985
Sugarcane bagasse 11.3 ND 15.0 Ebeling and Jenkins, 1985
Rice husk 22.6 61.0 16.7 Hartiniati and Youvial, 1989
Alfafa stalk 6.5 76.1 17.4 Tilman, 2000
Switchgrass 8.9 76.7 14.4 Tilman, 2000

Note: ND stands for not determined.

Woody biomass is the most reliable, easily available and viable source of biomass due to the
abundant forest land present in the United States. It is estimated that nearly 258 to 340 million dry
tons per year of woody biomass is available now, which will be further increased to 770 million

to 1.6 billion tons per year by the year 2030 (Perlack et al., 2011).



2.2 Biomass logistics

Biomass logistics includes the harvesting and collection, storage, transportation and pre-
processing that are carried out on biomass before they are supplied to the conversion plant (Figure
2.2). The success of bioenergy sector to replace fossil fuel is largely dependent on the efficient
flow and supply of the biomass feedstock from the point of origin to the throat of bio-refinery

conversion (BRDB, 2010).

Biomass
Harvesting

Storage Transportation

Transportation Storage Pre-processing

Energy

Conversion

Figure 2.2 Biomass logistics

Pre-processing of woody biomass includes altering the properties of the biomass to best suit its
transportation, storage and quality. Pre-processing includes decreasing the moisture content, size
reduction and reducing ash content of biomass. The freshly felled tree has moisture content in the
region of or greater than 50% which not only has a significant influence on the quality of fuel
produced but also influences the degradation of the woody biomass during storage (Bedane et al.,

2011). The reduction in moisture content further attributes to the reduction in the storage and
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transportation cost as the amount of moisture or water in the biomass is reduced. Also the
combustion efficiency increased as less energy is required to remove water during the combustion
process (Murphy et al., 2012). Drying can be obtained with air drying or oven drying at increased

temperature.

Size reduction involves use of chippers to reduce the logs and stem of trees into woodchips with
size ranging from 5 to 50 mm and mills (hammer mill, knife mill, needle mill, ball mills and
shredders) that further reduces the size of the woodchips to less than 10 mm (Naimi et al., 2006;
Zhang et al., 2010). Size reduction offers increased load density, improves handling quality (Pottie
and Guimier, 1985) and furthermore is necessary as biomass with homogeneous fuel particles (size
less than 1 mm) is required for the efficient energy conversion process (Manzone and Spinelli,

2013).

2.3 Ash content

Ash content is the inorganic compound in biomass which does not combust during conversion to
energy and is left behind as ash. The major inorganic element for biomass ash are Al, Ca, Fe, K,
Mg, Na, P, Si, Ti while minor elements are As, Ba, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Sb, TI,
V, and Zn. Major inorganic elements are highly responsible for ash melting, deposit slag
formation, and corrosion in the conversion equipment while minor elements are responsible for

particulate emission (Baernthaler et al. 2006).

Ash content in biomass can be divided into two parts, authigenic ash and detrital ash. Authigenic
ash is found inside the plant which is accumulated through water and soil uptake during growth. It

basically is the nutrient deposit inside the plant fibers from water uptake. Detrital ash on the other
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hand is the inorganic compound on the surface of the wood due to contamination from water, soil

and air during growth and pre-processing operations.

2.3.1 Authigenic ash

The ash-forming inorganic elements in trees or plants are the result of biochemical and biogenic
processes, water uptake and mineral transportation within the plant (Kozlowski et al., 1997

Vassilev et al., 2012). It is also generated after the plants death via evaporation and precipitation.

Of the 92 known elements on earth, 17 are known to be required by plants. They are divided as
macronutrients and micronutrients. The macronutrients are C, H, O, Ca, K, N, S whereas
micronutrients include ClI, B, Cu, Fe, Mn, Mo, Ni and Zn. The macronutrients in plants are present
at amount greater than 1000 mg per kg whereas the micronutrients are present at amount less than
100 mg per kg (Pilon-Smits et al., 2009). Carbon, hydrogen and oxygen are derived in plants from
interaction with atmosphere, soil, and water. The remaining elements are supplied either from soil

minerals or organic and inorganic fertilizers (Silva and Uchida, 2000)

Phosphorus plays a major role in energy storage and transfers as adenosine di- and triphosphate
and di- and tri-phosphyridine. It is also a major part of RNA and DNA and is the major components
of genetic information. Potassium acts as enzyme activator and promotes metabolism. Calcium
plays a major role in formation of cell wall and is also an activator of several enzyme systems in
protein synthesis. Magnesium is involved in photosynthesis. Sulfur is involved in metabolism of
the B vitamins biotin-thiamine and co-enzyme A. Iron is essential for synthesis and maintenance

of chlorophyll in plants (Silva and Uchida, 2000; Tucker, 1999).
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2.3.2 Detrital ash

The detrital ash is mostly finely dispersed mineral grains introduced into the plant by water
suspensions during syngenesis and is present and fixed outside the biomass but is fixed into it. It
is also a fine layer of soil and sand contaminants coated at the surface of the wood during
collection, handling, transportation and other subsequent processing of biomass (Vassilev et al.,

2012).

Sources: http://www.sherbrooketreeservice.com/

http://www.ekantipur.com/2011/05/23/national/govt-to-lift-tree-felling-ban/334417.html

Figure 2.3 Skidding and storage of biomass feedstocks at harvest site

Detrital ash is present mainly because of the handling of the biomass. During the biomass logistics,
as the tree is felled using feller machine, the tree limbs falls on the ground and comes in contact
with the soil. As the skidder skids the tree limbs along the soil, the soil particles are collected with

the biomass. Furthermore, during the delimbing and debarking process, the separated limbs, leaves
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and barks (forest residues) are left on the ground. The collection of soil particles is unavoidable
during the collection of the forest residues through forwarder (Hartsough et al. 2002; Mooney et
al, 2000; Lanford and Stokes, 1996). The skidding of logs and temporary storage of logs in the

harvest site are shown on Figure 2.3.

2.4  Factors affecting ash quantity

2.4.1 Plant type

The ash content of the herbaceous biomass is higher than the woody biomass. The ash content of
standing woody biomass in dry basis is less than 1% whereas for different herbaceous biomass it

is greater than 2% as shown in Table 2.2 (Bakker and Elbersen, 2005)

Table 2.2 Ash content of different plant types (dry basis)

Biomass Ash (C;/c());}tent Type of plant

Cotton stalk 7 C3
Wheat straw 4 C3
Poplar wood 1 C4
Switchgrass 4 C4
Douglas fir wood 1 C4
Barley straw 6 C3
Rice straw 13 C3

Bagasse 11 C3

C3 plants such as wheat, sorghum, reed canary grass etc. show higher yield potential in temperate

and cold climates whereas C4 plants such as sugar cane, maize, miscanthus, switchgrass etc. show
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higher yield potential in warm condition. Thus, C3 plants require higher water uptake and as
inorganic compound is directly related to water intake, the ash content of C3 plants is higher
compared to that of C4 plants. The ash content of some of the biomass feedstock are listed in Table

2.2.

2.4.2 Growing conditions

Elbersen et al. (2002) determined total ash and nutrient content of five switchgrass grown on clay
and sandy soil and found that switchgrass grown on sandy soil consistently showed lower ash
content compared to clay soils. The difference in total ash content among the soil types can be
largely explained by the higher soluble silica level in clay soils, which results in high ash levels in

crops grown on clay soils.

2.4.3 Plant fraction

The distribution of inorganic compounds vary between different plant fractions. As the inorganic
nutrients are carried through the plant body via water, the deposition of ash content differs.
Werkelin et al. (2005) measured the ash contents of different plant fractions (stem-wood, branch-
wood, stem-bark, branch-bark, twigs, needles, and shoots/leaves) of four woody biomass (Spruce,
pine, birch and aspen) and found out that the ash content was higher at the bark and leaves as
shown in the Table 2.3. The ash content was highest at the bark, branches, leaf and needles of the
tree because the water escapes the plant from these section as a result the inorganic nutrients are

concentrated in these sections.
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Table 2.3 Ash content of fractions in a plant (wt. %, dry basis.) (Werkelin et al., 2005)

Plant fractions Spruce Pine Birch Aspen
Stem wood 0.3 0.3 0.3 0.4
Branch wood 0.5 0.4 0.4 0.6
Stem bark 2.6 2.4 2.5 4.1
Branch bark 41 3.3 4.2 6.1
Twigs 2.3 2.1 2.0 3.9
Needles 5.2 2.5 ND ND
Shoots/leaves 4.0 3.0 5.2 7.5

Note: ND stands for not determined in the study.

24.4 Storage

Storage of biomass plays an effectual role on biomass in terms of its ash content. The biomass can
come in contact with soil and water contaminants which contains high amount of inorganic
components such as silica, potassium and calcium etc. and thus the ash content in biomass are

increased. Storage largely influences the increase in detrital ash in biomass.

Afzal et al. (2009) conducted a study of white birch storage, and found out that as the storage time of
the biomass increased, reduction in energy content and dry matter, and an increase in ash content and
carbon content occurred. Their study reported the increase in ash content from 0.43% to 1.06% and
1.09% for covered and uncovered white birch woodchips pile respectively. Similarly, Casal et al.
(2010) reported an increase of about 1.4% in ash content of pine woodchips during a storage period of

12 months.

2.5 Impacts of ash content

Ash content has direct effect on heating value of biomass as it reduces the combustible compounds

in biomass. As ash content increases, the heating value of the biomass decreases. The increase in
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inorganic compounds limits combustible compounds in the biomass and thus the heating potential
of the biomass decreases. Trischler et al. (2014) reported that for biomass with ash increasing from

0.1% to 6.8%, the heating value of the biomass decreased from 3.32 MWH/m?3 to 0.9 MWH/m?®.

During combustion, the conversion of the biomass is affected by slagging and fouling caused by
ash content in biomass. Slagging is the deposit of inorganic compounds within furnace, in areas
directly exposed to flame radiation such as furnace walls and some widely spaced pendant super-
heaters due to the melting of the inorganic compounds. Slagging thereby takes place in the hottest
parts of the furnace. High content of some elements (e.g. Si, K, and Na) lower the ash melting
temperature (Khan et al., 2009; Jenkins et al., 1998) and high content of K, Si, Mg and P thereby
increases the tendency to produce more slagging (Vassilev et al., 2013). Fouling is the deposit in
areas not directly exposed to flame radiation but at the more closely spaced tubes in convection
sections of furnace. Fouling occurs when hot gases and suspended fly ash, which contains
vaporized inorganic compound, cools down in the flue pipes. Biomass is a complex feedstock with
diversity of chemical composition that results in different fuel properties. Technical challenges
such as slagging, fouling, agglomeration, and corrosion in combustion facilities occur due to
combustion of biomass (Khan et al., 2009; Jenkins et al., 1998; Obernberger et al., 2006; Vassilev
et al., 2010). These technical challenges can cause physical damage to boilers and bioreactors and
can hamper the smooth functioning of the conversion process (Bostrom et al., 2011; Werkelin et

al., 2010).

Slagging and fouling, as seen in Figure 2.4, reduces the life and performance of the furnace. As
the inorganic compounds adhere to the walls of the furnace, it can corrode the inner lining.
Furthermore, large layer of inorganic compounds due to slagging and fouling can obstruct the

actual flow of gases which will reduce the operating efficiency of the system. The prevalence of
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slagging and fouling increases in energy conversion system with increase in biomass ash content.
Also as detrital ash increases, at high temperature, silica reacts with the bed material i.e. sand
which causes it to be sticky and cause bed agglomeration problems. (Tran et al., 2005; Skrifvars

etal., 1999).

Source: http://biomassproject.blogspot.com; http://www.powermag.com

Figure 2.4 Ash slagging and fouling (left and right respectively)

Detrital ash also has financial impact during the logistics. The impact is most prominent during
the transportation of the biomass from the harvesting site to the conversion plant. Tahvanainen and
Anttila. (2011) calculated the tentative cost of transportation of woody biomass per metric ton per
km for different transportation system such as trucks and railways. For trucks, the transportation
charge was $ 0.07 per metric volume of biomass per km and for railroad, the charge was $0.04 per
metric volume of biomass per km. If the ash content of the raw biomass is high, energy and fuel is
wasted on transporting higher amount of detrital ash which will add to the financial cost of

transportation of fuel wood.
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2.6  Ash reduction technique

The authigenic ash, inherent in the biomass, can be removed through chemical processes.
Literature has shown that the particular ash component can be reduced via chemical leaching and

water washing.

2.6.1 Leaching with chemicals

Jiang et al. (2013) compared the efficacy of leaching with acids at 5 wt. % solutions that are mixed
at 10 ml/g ratio with the sample. The samples were stirred for 2 hours at room temperature, rinsed
with deionized water until neutral pH was achieved. The results given in Table 2.4 showed that

chemical leaching is effective in reducing the ash component.

Table 2.4 Demineralization of rice straw (Jiang et al., 2013)

Demineralization efficiency (%
Sample y (%)

K [ Na| Ca | Mg | Fe
DI-H.0-RS | 82.3 |80.4 |17.1 | 335 | 56.6
CH3COOH-RS | 99.4 | 81.6 |21.8 | 91.3 | 54.2

HCI-RS 99.7 |88.1 |979 |99.2 | 76.3
H2504-RS 99.8 | 88.5 | 95.7 | 98.6 | 68.5
HNO3-RS 99.7 | 84.8 |96.8 | 99.1 | 65.0
HsPO4-RS 99.7 | 86.2 | 62.3 | 98.7 | 57.9

Note: RS stands for rice straw

Harrison et al. (2013) reported that some acids are more effective than others when used as solvent
during steam explosion. Steam explosion ruptures the rigid structure of biomass by defibrillating
cellulose bundles and partially hydrolyzing cell wall components. Steam explosion also has been

proven to reduce the ash component in Eucalyptus and Acacia fibers. Water leaching was further
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used to reduce ash content. The ash content was reduced from 0.57% to 0.16% for Eucalyptus and

0.76% to 0.4% for Acacia. (Supantamart et al., 2009)

Pottahil et al. (2011) performed a series of experiments to reduce the ash content of biomass by
using alcohol and acid to yield a reaction mixture which was later separated to get solid and liquid
fractions. Biomass was then processed to extract proteins and obtain bio-crude fraction. The bio
crude fraction included biomass after protein extraction. The bio-crude fraction contained mostly
carbohydrates and some protein. The biomass was treated with anhydrous hydro chloric acid (HCI)
at 65°C and hydrous HCI at 65° C and 25° C for nearly 60 minutes. The results showed that the
bio crude from unprocessed biomass contained about 20% ash, while the ash content of the treated
biomass was 8.50% when subjected to anhydrous HCL at 65°C, 8.30% when subjected to HCL at

65 °C and 5.30% when subjected to HCI at 25 °C ash shown in Table 2.5.

Table 2.5 Ash content of the starting biocrude and treated biocrude

Sample HCL Methanol | Incubation | Duration | Untreated | Treated
ash (%) | ash (%)

Biocrude | Anhydrous HCL Ratio 65° C. 60 minutes 20.30 8.50
IN 3 wt/1 wt

Biocrude HCL Ratio 65° C. 60 minutes 20.30 8.30
IN 3 wt/1 wt

Biocrude HCL Ratio 25° C. 60+ 20.30 5.30
IN 3 wt/1 wt minutes

Protein Anhydrous Ratio 65° C. 60 minutes 12.40 3.92

treated IN 3 wt/1 wt
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2.6.2 Leaching with water

Miles et al., (1995) has categorized inorganics into four different types: refractories (Si, Ti, Al)
with little or no solubility, alkali and alkaline earth metals (Na, K, Ca, Mg) with varying degree of

solubility, nonmetallic elements (Cl, S, P) and iron.

Miles et al., (1995) performed leaching on agricultural residues, wood, grasses and straws where
the biomass was soaked in hot water for 16 hours. Si, Ti and Al was not affected but potassium
was reduced by 50-90%, Na by 10-90%, Ca by 5-35%, Cl by 30-100% and iron by 0-30%. Saddawi
et al., (2012) soaked willow, eucalyptus, miscanthus and wheat straw at room temperature for 20
hours with constant stirring which resulted in more than 30% reduction in sodium, 45% reduction
in potassium and 4% reduction in calcium. Werkelin et al., (2010) soaked four species of woody
biomass in water at room temperature and reported the following reductions: 75% potassium, 65%

sodium, 25% calcium, 10% aluminum, 5% iron and 5% silica.

Turn et al. (1997) removed most of the alkali compounds present in Banagrass using the
combination of mechanical compression and leaching of the plant material. Rinsing was done in a
barrel which consisted of 52 liters of tap water in which the pressed sample was lowered for about
3 minutes. The untreated biomass consists of K, Si, Cl, Ca and Mg and the ash content was nearly
about 3.91%. Ash content decreased with increasing treatment severity, it decreased to 3.1% when
undergone through pressed treatment and to about 2.7% when undergone through pressed and

rinsed treatments.

Washing biomass with water at ambient temperature can reduce the ash content of the fuel but the

efficiency of the removal decreases with the increment in particle size and increases with the

21



increment in the washing temperature. But the impact of washing is minimal on high heating value

and further reduces the tendency of fouling and slagging (Gudka et al., 2015).

2.6.3 Physical/Mechanical treatments

The treatment methods explained in the previous section uses water and chemical which produces
chemical and water waste. In addition, this requires additional space, treatment cost and disposal
cost. Furthermore, these treatments cannot be performed at the harvest site because most of these
sites are in remote locations with little or no water availability and facilities for chemical feedstock
handling. Hence, physical treatments are more suitable for reducing on-site detrital ash content

reduction.

Debarking and delimbing of trees are utilized to obtain clean woodchips. As literature have shown
that the ash content in barks, leaves, and branches are higher than the main stem of the tree body,
bark and branches are removed and only the central stem are processes as clean woodchips. This
is an effective way to achieve biomass with reduced ash content, generally in the region less than
0.8%. However, barks and limbs constitute more than 20% of a tree. Therefore, the loss of such

high amount of biomass affects biomass sustainability and the disposal of residual crops.

Dukes et al. (2013) studied the use of trommel screen to reduce ash levels in woody biomass
residues at time of production in the harvest site. A trommel screen is a cylindrical body with
screener placed in the cylindrical walls. The screen is rotated by an external source in its horizontal
axis. The biomass when fed in, are subjected to centrifugal force, resulting in finer particles being
removed out from the screen. This approach was made to reduce the amount of fine material

contaminants at the source, before the fuel is transported to an energy conversion facility in this
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study. The ash content level reduced from 4% to 1.4% in roundwood and 11.9% to 6% in chipped

wood.

2.7 Energy conversion processes

The structural part of biomass consists of cellulose, hemicellulose, lignin, extractives and other
compounds such as minerals. Cellulose is an organic compound with generic formula (CeH100s)n.
It consists of linear chain of 100-1000 glucose polymer linked by B (1—4) glycosidic bonds
(Crawford, 1981). Hemicellulose is a branched polymer of D-xylose, D-mannose, D-galactose, D-
glucose, and L-arabinose with degree of polymerization ranging from 70-200. Lignin is a complex
cross-linked phenolic macromolecule with high molecular masses. Lignin is not soluble in water
and it is optically inactive. Cellulose fiber is constituted by micro fibrils which is covered by lignin
and hemicellulose (Perez et al., 2002; O’Sullivan, 1997, Boerjan et al., 2003). The general structure

of cellulose, hemicellulose and lignin can be observed in the Figure 2.5.
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Figure 2.5 Structure of lignocellulosic plant biomass (Tomme et al., 1995)

Lignocellulosic biomass can be converted into biofuels through thermochemical conversion,
biochemical conversion and combustion. Biochemical conversion includes the treatment of
biomass with microorganisms or enzymes to produce bio-methanol, bioethanol or bio-butanol.
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This process can take up to 2 to 5 days. Thermochemical methods require heat and inorganic

catalyst for biomass conversion and takes less than an hour (Stevens, 2011).

Thermochemical conversion process, which includes gasification and pyrolysis, has been widely
studied. Gasification is partial combustion of carbonaceous fuel to produce a mixture of
combustible gases known as syngas which can be used in generation of heat and electricity.
Gasification is carried out at temperature greater than 700 °C (Stevens and Brown, 2011; Sheth
and Babu, 2009). Pyrolysis of biomass involves heating of biomass at 450-600 °C in absence of

oxygen which results in the production of char, liquid yield, non-condensable gases and aerosols.

2.8  Fast pyrolysis

Fast pyrolysis is characterized by high heating rates and short vapor residence time in the reactor.
The thermal degradation of biomass occurs in absence of oxygen which generally depends upon
the size of the biomass, heating rate, temperature of the reactor, the reactor mechanism and
presence of impurities in the biomass and reactor itself (Brownsort, 2009). Pyrolysis produce char,
non-condensable gases, volatile vapors and aerosols. Volatile vapors and aerosols under rapid
cooling condenses to give bio-oil. Criteria for the fast pyrolysis are: moderate temperature of 400-

600°C, high heating and transfer rates and short residence time of less than 2 s.

2.8.1 Pyrolysis mechanism

Pyrolysis is an endothermic reaction and heat transfer occurs via conduction and convection. The
major events occurring during the pyrolysis in the reactor was studied by Mohan et al., (2006) and
Gupta and Demirbas, (2010). The heat transferred from the source increases the temperature of the

biomass which initiates the pyrolysis and releases volatiles and char. The heat from volatiles is
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transferred to heating of biomass as well. The condensation of volatile takes place which is
followed by secondary reactions to produce tar. Residence time and temperature defines the rate
of decomposition, reforming, water-gas shift reaction, radical combination and dehydration

(Kilzer and Broido, 1965).

The main component of biomass; cellulose, hemicellulose, lignin, extractives and ash contribute
to the product yield when heated at pyrolysis temperature (Brownsort, 2009) as shown in Figure
2.6. The primary products of the cellulose and hemicellulose are organic liquids, water and non-
condensable gases. Lignin decomposes to give char, organic liquids and non-condensable gas.
Extractives, generally smaller organic molecules of polymers, decomposes to give liquid and gas

products either through simple volatilization or decomposition.

Pyrolysis > Non-
condensable

Extractives gases
Co) COZ; H2a
Cellulose CH,, C-2
32-45%
Water
Hemicellulose
19-25% Organic
liquids
Lignin
14-26%
Ash Char
Ash

Figure 2.6 Simplified representation of biomass pyrolysis (Brownsort, 2009)



2.8.2 Pyrolysis reactors

Pyrolysis reactors that are commonly used to produce bio-oil from biomass include ablative
pyrolysis reactors, bubbling and circulation fluidized bed reactor, vacuum pyrolysis and auger
reactor. Reactor design plays an important role in bio-oil yield and distribution of compounds in
bio-oil (Bridgwater and Peacocke, 2000; Scott et al., 1999). In ablative pyrolysis reactors, biomass
is pressed against the heating surface and rapidly move and as a result thin film of bio-oil is left.
In the fluidized bed and circulating fluid bed pyrolysis, heat is transferred by conduction and
convection and an external carrier gas is required. The heating rate for vacuum pyrolysis are lower
than the ablative and fluidized bed reactors. The vapor are removed by the vacuum pump which
allows higher yield of bio-oil. Auger reactor uses auger to feed the biomass inside the heated
cylinder which does not require carrier gas. Residence time of the solids can be managed by the

speed of the auger.

2.9 Bio-oil characteristics

Bio-oil of woody biomass is viscous dark brown colored liquid with heavy distinct smell (Jahirul
etal., 2012). The quality of bio-oil is determined from properties such as pH, TAN, water content,

viscosity, density, heating value and elemental analysis.

e Density and viscosity defines the flow properties of the bio-oil. They are needed to design
pump and pipe line for combustion systems that use bio-oil as fuel. The density of bio-oil
in general is around 1100-1300 kg/m? for bio-oil with water content of approximately 25%
(ASTM D, 7544). Viscosity of bio-oil varies with the amount of water in the bio-oil,
oxygen content and storage condition of bio-oil. Hence, it may be in the wide range of 35-
1000 cp at 40°C. (Diebold and Czernik, 1997).
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The oxygen content of fast pyrolysis bio-oil is typically about 35-40%. It is found to be
embodied with more than 300 compounds identified in bio-oil.

Water content in bio-oil is present due to the moisture content of biomass and as a by-
product of dehydration reactions taking place during pyrolysis. It is present either in
dissolved state or exists as a micro emulsion and cannot be removed by physical separation
process. The water content in biomass in general is less than 30% and ASTM recommends
water content on bio-oil below 30 wt.% for the use in industrial (ASTM D, 7544)

pH and TAN number is a measure of the acidity of the bio-oil. The acidity of bio-oil is
mainly due to the presence of volatile acids, acetic acids and formic acid in bio-oil. The
phenolic compound also increases the acidity of the bio-oils. The pH of bio-oils is less than
3 for woody biomass and TAN is generally in the region of 100 (Agblevor et al., 2010;
Oasmaa et al., 2010)

The higher heating value of bio-oil is greater than 17 MJ/kg which is almost half of the
other conventional fossil fuel oils. The energy density (MJ/mq) of bio-oil is greater than

that of the biomass and thus is effective in storage and transportation.
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CHAPTER 3

REDUCTION OF ASH CONTENT OF BIOMASS

3.1 Abstract

Woody biomass is a potential bioenergy feedstock but the collection of soil particles during
harvesting and preprocessing and lowers its energy value. Moreover, the presence of ash affects
thermochemical conversion process such as pyrolysis and lowers the production yield and heating
value of the bio-oil produced. This study aims to reduce the amount of soil contaminants in woody
biomass by physical treatments with vibratory sieve shaker, hammer mill and concrete. The three
treatment processes were tested on the residual pine wood, whole pine wood, sweetgum, and pine
wood maintained at three ash content levels (5%, 8% and 10%) and at three moisture content levels
(10%, 20% and 30%). Ash and moisture content of dirty pinewood were adjusted to desired levels
by adding calculated amount of soil and water. All of the three treatment processes significantly
(p<0.05) reduced the ash content of the whole pinewood, residual pinewood and sweetgum that
were at initial ash content level of about 2%. Mixer reduced the ash content of sweetgum, whole
pinewood and residual pinewood from 2.14%, 2.31% and 1.69% to 1.71%, 1.73% and 1.20%,
respectively. Similarly, vibratory sieve shaker reduced the ash content of sweetgum, whole
pinewood and residual pinewood to 1.66%, 1.90% and 1.24%, respectively. However, the hammer
mill treatment was more efficient in reducing the ash content for pinewood with coated ash content

(>5%) compared to the other two processes. Hammer mill reduced the ash content of dirty
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pinewood from 6.64%, 8.34% and 10.40% to 1.88%, 3.36% and 3.15%, respectively. The
reduction in ash content resulted in increases in volatile matter and heating value of the biomass.
The effect of moisture content (10%, 20% and 30%) on ash content reduction was also quantified.
Ash reduction rate was highest for samples at 10% moisture content that were treated with
vibratory sieve shaker and with mixer. Hammer mill significantly reduced (p<0.05) ash content at
different moisture content levels but no significant effect of moisture content was observed. The
ash content of samples treated with vibratory sieve shaker reduced by 48% at 10% of moisture
content compared to 13.29% at 30% of moisture content. Similarly for mixer, the reduction rate
was 40.41% at 10% of moisture content for biomass at 10% of ash content compared to reduction
rate of 8.59% at 30% of moisture content. The ash reduction rate of samples treated with hammer

mill was greater than 50% at all the moisture levels.

3.2 Introduction

In the Southeastern United States, biomass is the most promising renewable energy resource.
Stable climate and soil favors abundant biomass production, and more than half of the southeastern
United States is covered in forests (Walsh et al., 2000). In fact about 60% of U.S. timber product
is produced from over 80 million ha of southeastern timberland. Furthermore, the forest industry
is highly developed in this region and already operates efficient pine production on a commercial
scale (Kline and Coleman, 2010). Hardwoods are of special interest as potential feedstock for a
biofuel industry because of their high rates of production, physical characteristics favorable for
some energy-conversion processes, and recent progress with genetic mapping (Tuskan et al.,
2006). Softwoods such as pine has received less attention as a feedstock for conversion to liquid
transportation fuels (e.g., ethanol) because relatively high levels of secondary chemicals in pine

create impediments for biochemical conversion.
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Round year availability of biomass is essential for the smooth operation of bio-refineries. Biomass
logistics involves the unit operations that are used to prepare biomass for energy conversion such
as harvesting, storage, preprocessing, transportation and handling. Hence, biomass logistics plays
an important role (BRDB, 2010) and the method used to handle biomass can alter its properties.

For example, biomass moisture content and ash content can vary significantly during logistics.

Ash content is present in biomass because of natural process, and of handling process. Soil and
water uptakes during growth leads to absorption of different inorganic elements such as iron,
calcium, phosphorus and manganese which are required for growth. The ash content accumulated
inside the biomass is known as authigenic ash content. Woody biomass are also contaminated with
soil/sand particles during felling and skidding that results in higher ash content. The ash content
accumulated on the surface of the biomass as a result of this contamination is known as detrital
ash. Literature have shown that the biomass with lower ash content have higher volatile matter,
and energy content that ultimately results in higher yield of bio-oil (Mani et al., 2004; Dhiman,
2014). Hence, preprocessing operations that remove or reduce the ash content in biomass is

advantageous.

Water and acids such as hydrochloric acid, nitric acid and sulphuric acids have been used to reduce
the ash content of biomass by leaching. Jiang et al. (2013) showed that demineralization efficiency
for potassium, calcium, sodium, magnesium and iron present in rice straw was more than 60%
when hydrochloric acid, nitric acid and sulphuric acids were used. Similarly, Supantamart (2009)
showed that ash content was reduced to 0.16% from 0.57% for Eucalyptus by water leaching.
However, leaching requires use of water and chemicals that increases handling and disposal issues
of the water and chemicals after the treatment. Physical treatments at site presents a much more

direct approach to reduce the ash content as studied by Dukes et al. (2013). It can further reduce
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the transportation cost of biomass as the biomass will have less impurities in terms of soil

contamination.

The objective of this study was to utilize physical treatment processes to reduce the ash content of
the biomass. The effectiveness of the physical treatment was tested by applying the treatment
processes to biomass at different ash content levels. Since moisture content in the biomass
increases the adhesion force between woodchips and ash content, the effect of moisture content on

the reduction of ash content was also tested.

3.3 Experimental Setup

Residual pinewood, whole pinewood and sweetgum were obtained from local forest of Tuskegee,
Alabama for this study. Residual pinewood contained stem, bark and leaves whereas whole
pinewood contained only stem and bark of freshly felled tree. Sweetgum contained stem and bark.
The samples were obtained at high moisture content (greater than 50%) and were air dried for
seven days as shown in Figure 3.1. The moisture content of the air dried samples were 8.65 + 0.17
% for residual pinewood, 8.14 £ 0.15% for whole pinewood and 8.73 + 0.24% for sweetgum on
dry basis. Moisture content determination was carried out according to ASABE Standard S358.3

(ASABE Standards, 2012) by oven drying about 10 g samples at 105°C for 24 hours.

The objective for this study required woodchips with varying ash content as high as 10% and at
varying moisture content of 10, 20 and 30%. The ash content of residual pinewood, whole
pinewood and sweetgum gum was less than 3% which was measured according to National
Renwable Energy laboratory (NREL, 2005) analytical process. The woodchips with required ash
content level were not available for procurement hence dried clean pinewood was used for

adjusting moisture and ash content. Pinewood was obtained at initial moisture content of 10.52%
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from Auburn University. Rewetting was carried out and soil was added to the clean pinewood to

obtain the necessary ash content and moisture content.

Figure 3.1 Air drying of residual pinewood, whole pinewood and sweetgum

3.3.1 Sample Preparation

Residual pinewood, whole pinewood and sweetgum were used to study the effect of initial ash
content of biomass. Furthermore, clean pinewood, obtained from Auburn University, was rewetted
with water and soil coating was done to attain the biomass at different initial ash content level of

5%, 8% and 10% (d.b.) and moisture content level of 10%, 20% and 30% (d.b.), respectively.

The clean pine woodchips were fractionated to the size of 7mm-45mm using TMI chips classifier
(model 36852 — 07, Testing Machines, Inc., New Castle, Del.) prior to rewetting and soil coating
to ensure the homogenous coating of soil particles on the woodchips The moisture content of the

clean pine wood was 10.52% and ash content was 0.56% (d.b.). Soil, collected from the University
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ground, with ash content of 85.11% was used to increase the ash content. Tap water was used to
increase the moisture content. Calculated amount of water and soil was added to adjust the
moisture content and ash content of the woodchips (Pradhan et al., 2008; Sacilik et al., 2003). 20%
excess of soil was added because from the preliminary experiments, it was observed that the
calculated amount of soil always gave less ash content as compared to the calculation. It was

because the soil particles adhered to the walls of mixer where the mixing was done.

Calculated mass of water was added to maintain the moisture content at 40%. The samples were
then oven dried at 35°C for 6 hours, 24 hours and two days respectively to attain the moisture

content level of 30%, 20% and 10% respectively.

Fine mixture of water and soil was prepared which was added to 5 kg of pine woodchips. The
sample was then mixed using concrete mixer for 15 minutes to obtain the homogenous mixture of
the soil water and woodchips as shown in Figure 3.2. The samples were then stored in black

polythene bag in room temperature for 10 days.

Figure 3.2 Soil and water mixture (left); Coating in mixer (right)
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3.3.2 Instruments setup and working parameters

Three methods were used for physical reduction of ash in the biomass samples prepared in Section
3.3.1. The methods are based on the use of: vibratory sieve shaker (Kason Corp., model K30-2-
8S, NJ, USA), concrete mixer, and hammer mill (C.S. Bell Co., model 10HBLPK, Tiffin, OH,

USA).

Figure 3.3 Vibratory sieve shaker used for separating soil particles (fine)

Vibratory sieve shaker (Kason Corp., model K30-2-8S, NJ, USA) (Figure 3.3) works on the
principle of sieve shaking separation. The dirty woodchips with high ash content was fed in from
the top of the sieve shaker and processed for three minutes. The sieve shaker separated the dirty
woodchips into treated clean woodchips and fine residues. Fine residues passed through the screen
and were collected as waste product. From the preliminary study, three minute was sufficient for
the separation of some of the dirt particles from 2 kg of biomass as the flow of fine particles
stopped at around 3 minutes. A screen size of 500 micron was used for separation since the average

particle size was less than 0.5 mm for soil components, 0.003-0.06 mm for silt and 0.004mm for
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clay (UCL, 2015). Furthermore, the size of dust has been defined as material capable of passing
through U.S. No. 35 standard sieve (500 microns) by NFPA, (2013). Therefore, the 500 microns
screener enabled the removal of both the soil particles and the dust particles to eliminate the dust

explosion hazard.

Concrete mixer (Figure 3.4) was used to treat the dirty woodchips by inducing rotatory force that
separates the dirt particles (soil particles) from the surface of the woodchips. The mixer rotates at
the speed of 20-25 rpm. Due to this rotation, the woodchips inside the mixer collide with each
other. The collision between the woodchips can scrape the soil particle from the surface of the
woodchips. The mixer was run for three minutes to keep in line with the running time of the
vibratory sieve shaker. The treated samples from mixer was then fed into vibratory sieve shaker

for separation of the small detached particles (< 500 microns) from the chips.

Figure 3.4 Concrete mixer used for separation of soil particles from woodchips
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The third process includes hammer mill (C.S. Bell Co., model 10HBLPK, Tiffin, OH, USA)
(Figure 3.5), which beats the woodchips with hammers reducing the size of the woodchips. The
force generated by the hammer to reduce the size of the woodchips was sufficient to separate the
soil particles from the surface of the woodchips from the impact force. The screen size used in the
hammer mill was 25 mm in diameter. As the woodchips were roughly in 7-45mm in size, the 25
mm screener was used to hold the chips inside the hammer mill for the separation of soil particles.
The woodchips were fed into the hammer mill at rate of 2 kg per minute. The samples were then

fed into the vibratory sieve shaker to separate the fine residues from the woodchips.

Figure 3.5 Hammer mill used for separation of soil particles from woodchips

The schematic flow of the experiment is given in the Figure 3.6. The dirty woodchips with high
ash content is treated with three treatment methods: vibratory sieve shaker, mixer and hammer
mill. The treatment equipment remove the soil particles from the surface of the woodchip. The
treated samples are collected and again fed to the vibratory sieve shaker, which separates the fine
soil particles which are collected as waste product or residue. The woodchips collected after the
sieve shaker are clean woodchip with reduced ash content and are prepared for different

physiochemical analysis.
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Figure 3.6 Experiment design of physical treatment process

3.3.3 Data collection

The mass of the woodchips before and after the treatment and mass of fine residue after each
treatment were recorded to calculate the mass balance and to understand the loss of mass as fome
residues during the treatment. Residue is the fine particles separated out from the vibratory sieve
shaker, which mostly comprised of soil particles (ash). Mass difference was calculated as

difference between the initial mass of the sample and treated sample.

Proximate and ultimate analyses were carried out on the dirty and treated woodchips. Since some
of the woodchips were treated at higher moisture content of 20% and 30%, they were first oven
dried at 35°C to reduce the moisture content to less than 10%. The samples were then ground
through 3.175 mm screener in hammer mill and 1 mm screener in Wiley mill. Proximate analysis
(ash content, volatile matter and energy content), particle density and particle size were then
measured and calculated for the dirty and treated samples. Moisture content was measured on the

samples on the day of the experiment.
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3.3.3.1 Moisture content

Moisture content of the woodchips and ground material of the samples from each treatment was
measured following ASABE Standard S358.3 (ASABE Standards, 2012). The experiment was
performed in triplicates and equation 3.1 was used to estimate the moisture content of the samples

in wet basis.

wi—wf

Moisture content (M.C) =

x 100% (3.1)

wi
where,

wi = initial mass of sample (g)
wf = final mass of sample after drying (g)

MC = moisture content of the sample (%)

3.3.3.2 Particle density

Particle density was measured by gas pycnometer (Model AccuPyc Il 1330, Micrometrics
Instrument Corp., and Norcross, GA) (Figure 3.7). Particle density was calculated for both dirty
woodchips ground through 1 mm Wiley mill and treated woodchips ground through 1 mm Wiley
mill. The AccuPyc works by measuring the amount of displaced gas [helium]. The pressures
observed upon filling the sample chamber and then discharging it into a second empty chamber
allow computation of the sample solid phase volume. Gas molecules rapidly fill the tiniest pores

of the sample; only the truly solid phase of the sample displaces the gas.

Nearly 2/3' to 3/4" of the container was filled with sample and was weighed with a digital balance

(New Classic ML Analytical Balance, Model MS303SE) accurate to 0.0001g. The sample was
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then used in the pycnometer which gave average volume of the compound along with standard

deviation. The ratio of the sample to the volume was used to compute the particle density.

Figure 3.7 AccuPyc Il 1330 Pycnometer to measure the volume of biomass

3.3.3.3 Particle size determination

The particle size distribution of the dirty and treated woodchips ground through 1mm Wiley mill
was determined using a camsizer (Retsch Technology, Haan, Germany) (Figure 3.8). The camsizer
uses the principle of digital image processing. The particles drop between an extended light source
and two digital cameras. The projected particle shadows are recorded at a rate of more than 60
images per second and analyzed. In this way every single particle in the bulk material flow is
recorded and evaluated. The particle size distribution on volume basis of the sample was recorded

and analyzed by the software provided by the equipment manufacturer.

Figure 3.8 Camsizer to determine the particle size distribution of biomass
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3.3.3.4 Energy content

The heating value of the raw and treated woodchips ground through 1 mm Wiley mill was obtained
with a bomb calorimeter, IKA C200 calorimeter (IKA Works, Wilmington, N.C.) (Figure 3.9). A
press (IKA Works Inc, model C21, Wilmington, NC, USA) was used to make pellets out of 0.5-1
g of sample. The energy content was measured by the heat created by the pellet when burned under
an oxygen atmosphere in a closed vessel, which is surrounded by water, under controlled
conditions. The pellet was placed inside a stainless steel container, “Decomposition vessel”,
pressurized with 34 bar of oxygen. Then the sample was ignited through a cotton thread connected
to an ignition wire inside the decomposition vessel and burned (combusted). The heat released was

calculated from the heat received by the water surrounding the decomposition vessel. The

experiment was carried out in triplicates.

Figure 3.9 Bomb Calorimeter; Oxygen Compressor; Mechanical compressor

3.3.3.5 Ash content

The ash contents of raw and treated sample were measured according to National Renewable

Energy laboratory (NREL, 2005) analytical procedure. The porcelain crucibles were heated in the
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furnace (Thermoscientific, model F6020C, Dubue lowa, USA) (Figure 3.10) at a temperature of
around 575 °C for three hours. Afterwards, the crucibles were kept in desiccator to cool down to
room temperature. Then the empty crucibles were weighed in analytical balance and nearly 1 g of
each sample was added to the crucibles and again the crucible with sample was heated in the
furnace at 105 °C for 12 minutes. Furnace was then ramped to 250 °C at 10 °C/min and held for
30 minutes. Furnace was finally ramped to 575 °C at 20 °C/min and heated for three hours. The
samples were allowed to cool down to 105 °C and cooled down to room temperature in desiccators
and the final mass of the samples were measured. Ash content was calculated according to the

equation 3.2.

Ash content = (=—2)x(— ) 100% (3.2)

where,
m = mass of empty crucible (g)
mi = mass of empty crucible + mass of sample taken (g)
mf = mass of empty crucible + mass of sample after heating (g)

MC = moisture content of the biomass

Figure 3.10 Thermo scientific muffler furnace to calculate ash content
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3.3.3.6 Volatile matter

The volatile matter of ground raw and treated samples were determined following the ISO 562
standards (ISO 562, 2002) using volatile matter furnace (VMF Carbolite, model 10/6/3216P,
England) (Figure 3.11). Crucibles with their lids were heated at 900°C and cooled down to room
temperature. Nearly 1 g of each sample was placed into crucible heated at a temperature of 900 °C
for 7 minutes and placed in a desiccator to cool down. The mass difference was used to calculate

the volatile matter of samples in dry basis using the equation 3.3.

Volatile matter = (mi_mfx 100%) X( 199 ) (3.3)

mi—-m 100—MC
where,

m = mass of empty crucible (g)
mi = mass of empty crucible + mass of dry sample taken (g)

mf = mass of empty crucible + mass of sample after heating (g)

MC = moisture content

Figure 3.11 Carbolite muffle furnace to calculate volatile matter
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3.3.3.7 Ultimate analysis

Ultimate analysis was performed on both dirty and treated woodchips ground through 1 mm Wiley
mill using an elemental analyzer (Perkin Elmer Model 2400 CHNS/O, Waltham, MA). The
analyzer uses the combustion method to convert the sample elements to simple gases such as COo,
H>O and N2. The halogens present in the gases are removed by scrubbing reagents in the
combustion zone of the instrument and the resulting gases are homogenized and controlled to exact
conditions of pressure, temperature and volume. The homogenized gases are allowed to de-
pressure through a column where they are separated in a stepwise steady-state manner and detected

as a function of their thermal conductivities. (Perkin Elmer Model 2400 CHNS/O manual)

The oxygen content is easily obtained by subtracting the sum of percentage of carbon, hydrogen,
nitrogen, sulphur and ash content. Nearly 1.5mg to 2.5mg of sample was weighed in a tin capsules
and sealed properly. The sample was fed into the elemental analyzer that gives the carbon,

hydrogen, nitrogen and sulfur content in dry basis.

3.3.3.8 Elemental analysis of ash content

Elemental analysis of the ash was done to quantify the composition of the elements present in the
ash. Ash was prepared by heating the sample at 575 °C following the method given in the Section

3.3.3. The ash was sent to Hazen Research Inc. Golden, CO for elemental analysis.

3.3.4 Experimental design and statistical analysis

Dirty biomass used in this experiment were the predictors along with their initial ash content while
the results from the characterization of biomass were the response variables. All the three physical

treatments were performed in duplicates and the proximate and ultimate analysis on ground
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woodchips obtained for each duplicates were performed in triplicates. Statistical significance test
was performed using SAS JMP program for six data points for each response variable. Tukey test
was also used to compare the means of different proximate and ultimate analysis of the dirty wood

chips, treated wood chips and residues.

3.4 Result and discussion

3.4.1 Proximate analysis of untreated feedstock

Proximate analysis was performed on the samples and its summary is presented on the Table 3.1.
Sweetgum, which only consisted of main stem and bark, had ash content of 2.14% d.b. Whole pine
tree, consisting of stem, bark and leaves showed higher ash content of 2.31% compared to ash
content of residual pine tree 1.69% , consisting of stem and bark only. Werkelin, et al., (2010)
reported the ash content of pine bark to be 2.40% which is greater than the residual pinewood,
whole pinewood and sweetgum as they contained barks and stem body. The higher ash content of
whole pine tree can be explained by the fact that as the woodchips were obtained on separate days
and thus may not be from the same standing tree. Furthermore, it goes to explain that soil
contamination during the harvesting can increase the ash content. The moisture content of the chips

were in the range of 8.14% to 8.73% which was attained by air drying for 5 days.

The results of rewetting and soil contaminants addition is also shown in Table 3.1. The measured
ash content and moisture content were close to the targeted. For the targeted level of 5% of ash
content, ash contents obtained were in the range of 5.32 — 6.65%. Similarly, 7.97-8.67 % range of
ash content was obtained for targeted range of 8% and range of 9.17-10.41% range of ash was
obtained for targeted range of 10%. The moisture contents shown in the Table 3.1 is for the

woodchips with moisture content targets of 10%, 20% and 30% was obtained.
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Table 3.1 Proximate analysis of dirty feedstock (%0)

Sample Ash content | Moisture content | Volatile matter
(%, d.b.) (%, w.b.) (%, d.b.)

Sweetgum 2.14+0.13 8.73+0.24 81.28 +0.81
Whole pine tree 2.31+0.25 8.14 +0.15 79.35+1.13
Residual pine tree | 1.69 +0.18 8.65+0.17 81.84 £0.71
P 510 6.64 +0.62 10.32 + 0.03 79.21 +0.36
P 5 20 5.32+0.62 21.54 +1.70 79.92 £ 0.95
P_5 30 6.27 £0.22 31.45+241 79.20 £ 0.36
P 8 10 8.35+0.32 11.23 +0.06 75.17 +0.34
P 8 20 7.97+£0.32 22.37+1.44 76.98 + 1.06
P 8 30 8.67+0.34 32.01+£2.40 76.98 +1.04
P_10 10 10.41+0.72 11.88 + 0.44 72.16 £0.76
P_10 20 10.22 + 0.30 18.78 £ 0.89 74.90 £ 0.97
P_10 30 9.14+£0.22 31.52+1.01 75.08 £ 0.27

Note: The values after the £ sign denote the standard deviation. For the samples with P_num_num
denotation, the first number shows the target ash content and the second number shows the target

moisture content. d.b. stands for dry basis and w.b. stands for wet basis.

Literature have shown that ash content of pinewood to be less than 1% for the clean processed
woodchips. Dirty woodchips are known to have high ash content, 4% for roundwood and 11.9%
for residual chipped wood, as reported by Dukes et al., (2013). The increase in the ash content of
the biomass from 5.32% to 10.22% had a negative impact on volatile matter as it decreased from
79.92% to 74.90%. Volatile matter in biomass are present due to the thermal decomposition of
organic compounds present in biomass (Jenkins et al., 1998). The increase in inorganic compounds

limits the amount of organic compound and thus the volatile matter is reduced. Similar results
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were obtained in the study of Dhiman, (2014). The values of volatile matter for the samples in
Table 3.1 are similar to the values reported by Shrestha, (2014) for pine chips (81.19%) and for

pine bark (72.76%).

3.4.2 Mass balance from experiments

The mass balance during the experiments from vibratory sieve shaker, mixer and hammer mill for
all the samples are shown in Table 3.2. The unaccounted mass loss are the mass of samples which
were uncollectable during the experiments. Fine layer of biomass on the base of vibratory sieve
shaker and walls of mixer were not collectable. Mass difference is the difference between dirty

woodchips and treated woodchips and is the total of residue and unaccounted mass loss.

The mass difference from the vibratory sieve shaker and mixer was low as compared to the mass
difference in the hammer mill. The mass difference for vibratory sieve shaker and hammer mill
for all the samples was less than 4%. The unaccounted mass loss in these two experiment setup
can be from the residue particles adhered in the base of the vibratory sieve shaker and walls of the
mixer which could not be retrieved for data analysis. The mass loss on the hammer mill was the
highest because the ground particles escaped from the collection bucket during grinding from air
leaks. Furthermore, the residue (fine particles) obtained was greater in hammer mill as compared
to the mixer and vibratory sieve shaker. It is because of the grinding effect of hammer mill during
treatment which led to the size reduction of the biomass and thus greater amount of biomass was

fractionated and separated out as residue from the vibratory sieve shaker.

The calculated mass difference of biomass is lower than the reported biomass loss occurring during
the debarking and delimbing process (greater than 20%). Hence, the three treatments prevents the

huge biomass loss experienced in the debarking and delimbing process.

52



Table 3.2 Mass balance of different samples from three treatment process

Sample | Treatment Mass Unaccounted Sample | Treatment Mass Unaccounted
difference | mass loss difference | mass loss
% % % %

Sweetgum VI 0.56 0.28 P 810 VI 2.45 1.00
HVI 13.18 11.87 HVI 9.43 4.73
MVI 1.71 1.58 MVI 3.56 1.96
Whole VI 0.66 0.35 P 8 20 VI 1.29 0.65
pinewood HVI 12.28 11.16 HVI 7.48 4.22
MVI 1.16 0.69 MVI 1.09 0.57
Residual VI 3.17 3.09 P_8 30 Vi 1.34 0.58
pinewood HVI 5.46 4.34 HVI 7.28 4.75
MVI 0.71 0.55 MVI 2.48 1.98
P 510 VI 2.85 1.12 P 10 10 VI 5.00 1.79
HVI 9.62 4.07 HVI 8.96 2.93
MVI 3.72 0.52 MVI 4.30 1.37
P 5 20 VI 1.97 1.46 P 10 20 VI 3.50 1.11
HVI 6.14 3.45 HVI 8.50 3.97
MVI 1.99 1.48 MVI 1.82 0.49
P 5 30 VI 2.63 1.94 P_10_30 VI 1.35 0.69
HVI 4.63 2.75 HVI 6.78 3.49
MVI 2.16 1.29 MVI 0.91 0.33

Note: For the samples with P_num_num denotation, the first number shows the target ash content and the second number shows the
target moisture content. The treatment VI indicates vibratory sieve shaker, HVI indicates hammer mill followed by vibratory sieve shaker

and MVI indicates mixer and vibratory sieve shaker.
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3.4.3 Properties of treated and untreated feedstock

3.4.3.1 Particle size and particle density

Particle density of dirty and treated biomass are shown in Table 3.3. The particle density of
biomass with higher ash content was higher. The particle size density of sweetgum (2.14% of ash)
was 1435.6 kg/m® where as that of pinewood at 10% of ash was 1538 kg/m?® i.e. the density of the
biomass with higher ash content is greater as mentioned in the literature. Similarly if we look at
the particle density of the treated biomass, the particle density of the biomass treated with hammer
mill was significantly (p<0.05) lowest. Particle density of soil represents the density of all the
minerals composing the soil which is reported to be near 2650 kg/m3 (Thien and Graveel, 1997).
The presence of higher amount of ash content increases the particle density of biomass as the
amount of inorganic elements with higher ash content increases. Figure 3.12 shows the relation
between the ash content and particle density. As the ash content in the biomass increases, the
particle density increased too. Since, hammer mill had the highest reduction of ash content and
produced treated biomass with lowest ash content, particle density of the biomass treated with

hammer mill had the lowest particle density.

Table 3.3 Particle density of treated and dirty biomass (kg/m?3)

Raw Treated
Vibratory Sieve Hammer mill Mixer
shaker

Sweetgum | 1435.60 £8.652% | 1435.85+11.982 | 1435.55+ 14.18?% | 1428.50 +20.21 2

Whole 1433.62 +9.79% | 1436.28 £ 14.43* | 1436.08 £15.882 | 1422.37 +13.492

Residual 1409.03 £4.77% | 1429.54 +1.07 ® 1415.66 £ 2.702 1418.20£0.94 2

Pine 10 10 | 1538.57 +20.20 % | 1510.60 + 18.14 @ | 1493.38 + 14.69" | 1513.70 + 20.54 P
Pine 8 10 |1500.74 +7.10*" | 1497.55+7.86%" |1481.28 +4.33" |1507.04+16.362
Pine 05 10 | 1497.71+7.00% | 1472.70+ 15.37 2" | 1460.30 + 19.78 ® | 147453 + 11.24 3P
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Note: For the samples with P_num_num denotation, the first number shows the target ash content
and the second number shows the target moisture content. The values after the + sign denote the
standard deviation. The values with the same letter are not significantly different (p<0.05) for

each row.

Particle size distribution for different treated and untreated samples are shown in Figure 3.13. All
the samples showed left skewness in particle size distribution which is typically obtained for log-
normal distribution (Fasina, 2008). Biomass with higher ash content had their peaks on lower
particle size as compared to biomass with lower ash content. As the particle size of soil and sand
is lower (< 0.5mm), the biomass with higher ash content had their peaks more skewed towards the

left.
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Figure 3.12 Particle density of dirty and treated biomass at lower moisture content (<10%o)
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Figure 3.13 Particle size distribution of treated and untreated biomass at lower moisture
content (<10%o)

3.4.3.2 Ash reduction and proximate analysis

The treatments reduced the ash content by more than 20% for all the biomass feedstocks when
they were at lower moisture contents of less than 10% as seen in the Figure 3.14. When the
uncoated feedstocks were initially at lower ash contents of less than 2.5%, there was no significant
effect (P<0.05) of treatment type on ash content reduction. For the uncoated biomass, the soil
particles must be already lower in amount, and which was reduced and separated by all the three
treatments. The biomass in this study contained bark and branches and Werkelin et al., (2010)

reported the ash content of the bark to be around 2.4% which is greater than the reduced ash content

of biomass in this study.

The reduction rate increased with the increase in initial ash content of dirty woodchips. Hammer
mill treatment reduced the ash content by greater than 70% for samples with ash content higher
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than 5%. The reduction of ash content was higher for hammer mill as compared to the mixer and
vibratory sieve shaker. For all the ash content levels, vibratory sieve shaker and mixer treatment
were equally effective in ash reduction. The impact force from the hammer mill was high enough
to separate most of the soil particles that adhered to the surface of the woodchips. However, the
collision force generated by the vibratory sieve shaker and mixer was not high enough and
therefore only some of the soil particles that adhered to the woodchips was detached and separated

and hence there was low reduction rate.

o]
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Sweet gum Whole pine  Residual pine Pine (5% ash) Pine (8% ash) Pine (10%ash)

Ash reductoin (%)
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Figure 3.14 Ash reduction of biomass treated at 10% moisture content

Table 3.4 through Table 3.6 shows ash content, volatile matter and energy content of dirty and
treated sweetgum, whole pine tree and residual pine respectively. The decrease in ash content of
treated biomass had no effect on the volatile matter and energy content of the biomass. This can
be attributed by the fact that although there was reduction in inorganic compound, the reduction
was however not large enough to affect the organic compound. As a result no significant change

(p<0.05) in volatile matter and energy content was observed. The energy content of biomass with
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reduced ash content for pine in the range of 1.05 % to 1.9 % was found to be 19.67 MJ/kg to 20.28
MJ/kg, respectively. The results obtained in this study are similar to the heating value reported by

McKendry, (2002) for pine at 21.2 MJ/kg and Cuiping et al., (2004) for pine at 19.38 MJ/kg

Table 3.4 Proximate analysis of Sweetgum, dry basis

Ash content Volatile matter Energy content
Sample (%) (%) (MJ/kg)
Sweetgum
dirty 2.14+£0.142 81.28+0.81° 20.35+0.23%
VI 1.66 £ 0.07 ° 81.57+0.83° 20.58+£0.20
HVI 1.58+0.11° 81.55+1.09 2 2042 +0.152
MVI 1.71£0.14° 81.75+0.86° 20.53+0.10°

Table 3.5 Proximate analysis of Whole pine tree, dry basis

Ash content Volatile matter Energy content
Sample (%) (%) (MJ/kqg)
WHOLE
dirty 2.31+£0.252 79.35+1.13% 18.98+0.402
VI 1.90 £ 0.07° 78.58 +0.71°2 19.67 +0.13°
HVI 1.73+0.04° 78.87+0.51° 19.67 £0.03°
MVI 1.81+0.04° 78.63+0.23% 19.68 +0.11®

Table 3.6 Proximate analysis of residual pine tree, d.b.

Ash content Volatile matter Energy content
Sample (%0) (%) (MJ/kqg)
Residual
dirty 1.69+0.18°2 81.84+0.71% 20.26 £ 0.24 2
VI 1.24+0.11° 81.59 +0.93° 20.25+0.15°
HVI 1.05+0.07° 81.33 +0.47 2 20.16 +0.14 ®
MVI 1.20 +0.04° 80.84 £0.60 2 20.28 £0.102

Note: The treatment VI indicates vibratory sieve shaker, HVI indicates hammer mill followed by
vibratory sieve shaker and MVI indicates mixer and vibratory sieve shaker. The values after the +
sign denote the standard deviation. The values with the same letter are not significantly different

(p<0.05) for each column.
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Table 3.7 through Table 3.9 show the treatment results for pine with higher ash content. All three
treatment process significantly (p<0.05) reduced the ash content. Hammer mill was more effective
in reducing ash content as compared to the vibratory sieve shaker and mixer. Ash from 6.64% was
reduced to 1.88%, 8.34% to 3.36% and 10.40% to 3.15%, respectively through hammer mill.
Vibratory sieve shaker and mixer also produced the significant reduction and was not significantly
different from each other. The volatile matter increased significantly (p<0.05) in all the cases as

observed in Table 3.7 - Table 3.9.

Table 3.7 Proximate analysis of Pine at 5% ash, d.b.

Ash content | Volatile matter Energy content
Sample (%) (%) (MJ/kqg)
Dirty P 05 10 | 6.64+0.65% 79.20+0.36 ¢ 18.02 +0.08°
VI 3.36+1.66° | 81.58+0.47" 18.49+0.18°
HVI 1.88+0.14° 83.57+0.60° 20.16 £0.112
MVI 3.11+155° | 82.11+0.44" 18.56 +0.23 "

Table 3.8 Proximate analysis of pine at 8% ash, d.b.

Ash content | Volatile matter Energy content
Sample (%) (%0) (MJ/kqg)
Dirty P 08 10 | 8.34+0.31% | 75.16+0.34° 17.63 +0.00 ¢
Vi 6.72+0.62° | 80.05+0.75° 18.22 +0.10°"
HVI 3.36+0.35°¢ 83.44+1.01% 19.37+0.152
MVI 6.08+0.70° | 80.30+0.28° 18.32 +£0.20°

Table 3.9 Proximate analysis of pine at 10% ash, d.b.

Ash content | Volatile matter Energy content
Sample (%) (%) (MJ/kg)
Dirty P 10 10 | 10.40+0.71% | 72.15+0.76° 17.63+0.19°¢
VI 541+0.57° 78.44 £ 0.58 18.82 + 0.26 &P
HVI 3.15+0.21¢ | 82.50+0.60°2 19.10+0.10°
MVI 6.20 + 0.46 " 79.73+050° 18.27 +0.19 ¢
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Note: For the samples with P_num_num denotation, the first number shows the target ash content
and the second number shows the target moisture content. The treatment VI indicates vibratory
sieve shaker, HVI indicates hammer mill followed by vibratory sieve shaker and MVI indicates
mixer and vibratory sieve shaker. The values after the + sign denote the standard deviation. The

values with the same letter are not significantly different (p<0.05) for each column

Similarly, the reduction in ash content also increased the energy content significantly (p<.0.05)
with the highest energy content being produced from hammer mill treatment. The volatile matter
improved to 83.57% from 79.2% for pine with 5% of ash from hammer mill treatment. The energy

content improved to 20.16 MJ/kg from 18.02 MJ/kg.

Figure 3.15 shows the relation between the ash content and volatile matter of the coated biomass.
It clearly shows that volatile matter decreased with the increase in the ash content. As the ash
content is increased, the inorganic compound in the biomass increases thus limiting the volatile

and organic compound in the biomass.
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Figure 3.15 Volatile matter of biomass at different ash content
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Similarly, Figure 3.16 showed the negative relation between ash content and energy content. As
the ash content is increased, the heating value is decreased which is also reported by the study of

Mani et al., (2004).
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Figure 3.16 Energy content of biomass at different ash content

3.4.3.3 Ash content of residue

Table 3.10 shows the ash content of the residue particles that were separated from the vibratory
sieve shaker. The residue is the fine waste products that passed through 500 micron sieve shaker.
From the results, it was observed that the ash contents of the residues from the hammer mill
treatment are lower than the ash content of residues from vibratory sieve shaker and mixer
treatments. This is because that during grinding in hammer mill, some of the woodchips is reduced
in size such that they passed through 500 microns sieve shaker. This diluted the soil particles that
are separated from the woodchips. This is also evident from the high mass of residue that separated

out during hammer mill treatment as shown in Table 3.2. The ash content of residues from hammer
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mill was in the range of 6-8% for sweetgum and residual pinewood whereas it was in the range of

14-21% for vibratory sieve shaker and mixer.

Table 3.10 Ash content of residue

Sample Ash content Sample Ash content
SVi 1413 +0.41 PVI 5 10 86.15 + 0.64
SHVI 6.64 £1.09 PHVI 5 10 |63.12+4.46
SMVI 21.79£6.75 PMVI 5 10 | 72.42 +7.67
WVI 77.63 +1.57 PVI 8 10 83.02 + 3.40
WHVI 38.72+231 PHVI 8 10 |72.74+2.70
WMVI 76.87 £1.25 PMVI 8 10 |81.55+0.83
RVI 19.80 + 2.42 PVI 10 10 ]93.59+0.27
RHVI 8.08 +1.10 PHVI 10 10 | 81.87 +6.25
RMVI 20.66 = 0.31 PMVI 10 10 | 93.11 £ 0.96

Note: For the samples with P_num_num denotation, the first number shows the target ash content
and the second number shows the target moisture content. The treatment PVI indicates vibratory
sieve shaker, PHVI indicates hammer mill followed by vibratory sieve shaker and PMVI indicates

mixer and vibratory sieve shaker.

Furthermore, the ash content of the residues was also directly affected by the initial ash content of
the feedstocks. The ash content of the residues for pine with initial ash of 10% was 93.59% for
vibratory sieve shaker, 81.87% for hammer mill and 93.11% for mixer and similarly ash content
of the residues for pine with initial ash of 5% was 86.15% for vibratory sieve shaker, 63.12% for
hammer mill and 72.42% for mixer. The ash content of the residues was greater for biomass with
higher initial ash content. This is because more detrital ash was removed from the woodchips with

higher ash content as compared to woodchips with lower ash content.
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Dukes et al, (2013) reported the ash content of fine residues at 14.70% obtained by treating biomass
with ash content of 4% with trommel screener with biomass at ash content of 4%. Furthermore,
the high ash content in residue of biomass with higher ash content of 5%, 8% and 10% suggests

that the treatment processes are more effective for reduction of soil contaminants from the biomass.

3.4.3.4 Effect of Moisture content

The effect of moisture content on ash reduction was tested for vibratory sieve shaker, hammer mill
and mixer. The biomass samples were maintained at moisture content level of 10%, 20% and 30%
respectively. Figure 3.17 shows the reduction rate of ash content of biomass treated with vibratory

sieve shaker, hammer mill and mixer respectively.

‘l*ll mﬁi

80
70
60
5

o

it

o

3

o

2

o

Ash reduction %

1

o

0

. 8% 10% 5% 8% 10% 5% 8% 10%
M Vibratory screener
. Moisture content 10 % Moisture content 20% Moisture content 30%
B Hammer mill
m Mixer Biomass at different target ash content and moisture content

Figure 3.17 Ash content reduction of biomass at 5%, 8% and 10% of ash content
level and 10%, 20% and 30% of moisture content level

The reduction rate was highest for the hammer mill for all the cases as observed in Figure 3.17.
Hammer mill reduced the ash content by 71% for biomass at 5% of ash content and 10% of
moisture content. Both vibratory sieve shaker and mixer had the lowest reduction at 30% of

moisture content as compared to 10% of moisture content. As the moisture is increased, the
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presence of water induces adhesive force between the soil particles and surface of the woodchips
(Pidwirny, 2006.). As a result greater force is required to free the soil from the surface of the
woodchips. Hammer mill had sufficient impact force during size reduction as a result, the moisture
content had no effect on ash reduction. However for mixer and vibratory sieve shaker, the vibration
force and rotary force created is not able to separate the soil particles at higher moisture content

rate as compared to the hammer mill.

Table 3.11 Proximate analysis of samples at 5%, 8% and 10% of ash content treated at

20% of moisture content

Ash content (% Volatile matter (%, Heating value (MJ/kg,
Sample d.b.) d.b.) d.b.)
RawP 10 20 10.22 +0.292 74.90 +0.90 ¢ 17.09 +0.97 ¢
i 6.69+0.34 ¢ 79.69 +1.30° 18.07 +1.28"
HVI 3.33+0.4341 81.26 +0.96 ° 18.68 + 0.65 @
MVI 8.14+0.84° 77.91+0.59°¢ 17.66 + 0.62 ¢
Ash content (% Volatile matter (%, Heating value (MJ/kg,
Sample d.b.) d.b.) d.b.)
RawP 8 20 7.97 +0.352 76.98 +1.06 © 17.83+0.06 ¢
VI 7.17+0.26° 78.82 +0.66° 18.05 +0.06 °
HVI 3.73+0.21°¢ 83.44 +1.02° 19.10 + 0.04 2
MVI 7.39+0.24° 78.26 +0.49 P 18.01+ 0.05°
Ash content (% Volatile matter (%o, Heating value (MJ/kg,
Sample d.b.) d.b.) d.b.)
RawP 5 20 5.31+0.62° 79.92 +£0.95° 17.68 +0.43"
\Yi 444 +0.31°2 81.78+0.71° 18.01+0.70"
HVI 2.55+0.23°¢ 82.44 +0.88 ° 19.52+0.88 2
MVI 4.65+0.20° 81.48 +0.51° 19.39 + 0.50 2

Note: For the samples with P_num_num denotation, the first number shows the ash content and
the second number shows the moisture content. The treatment VI indicates vibratory sieve shaker,

HVI indicates hammer mill followed by vibratory sieve shaker and MVI indicates mixer and
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vibratory sieve shaker. The values with the same letter are not significantly different (p<0.05) for

each column

Table 3.7-3.9, Table 3.11 and Table 3.12 shows the ash content, volatile matter and energy content
of the biomass for the treated and raw biomass treated at 10%, 20% and 30% of moisture content.
Hammer mill treatment produced the woodchips with the least ash content as compared to
vibratory sieve shaker and mixer treatment. As mentioned in previous sections, reduction in ash

content levels reflected in increased volatile matter and energy content of biomass.

Table 3.12 Proximate analysis of samples at 5%, 8% and 10% of ash content treated at

30% of moisture content

Table 3.13 Ash content (% Volatile matter (%, Heating value (MJ/kg,
Sample d.b.) d.b.) d.b.)
RawP 10 30 9.13+0.21%2 75.08+0.27 ¢ 17.59 + 0.26 °
Vi 7.92+0.40° 79.25+0.85° 17.85+0.86 "
HVI 412+0.39°¢ 81.04 £0.94° 18.53+£0.93%
MVI 8.35+0.34° 77.56 + 1.06 ¢ 17.41 +1.28°
Ash content (% Volatile matter (%, Heating value (MJ/kg,
Sample d.b.) d.b.) d.b.)
RawP 8 30 8.67+0.342 76.98+1.06 ¢ 17.18+1.05°¢
Vi 7.48 +0.50° 78.82 £ 0.66 " 17.35+0.65 ¢
HVI 3.87+044° 81.21+0.57% 18.5+0.57°2
MVI 7.31+0.65° 80.26 + 0.49 2P 17.87 +£0.49°
Ash content (% Volatile matter (%, Heating value (MJ/kg,
Sample d.b.) d.b.) d.b.)
RawP 5 30 6.26 +0.212 79.20+0.36 ¢ 17.82 +0.36°"
VI 454 +0.48° 81.58 +0.47" 18.10 £ 0.47°
HVI 2.61+047° 83.57 +0.572 19.58 £+ 0.60 2
MVI 426 +0.44° 82.11+0.45" 17.99 £ 0.44°

Note: For the samples with P_num_num denotation, the first number shows the ash content and
the second number shows the moisture content. The treatment VI indicates vibratory sieve shaker,

HVI indicates hammer mill followed by vibratory sieve shaker and MVI indicates mixer and
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vibratory sieve shaker. The values with the same letter are not significantly different (p<0.05) for

each column

3.4.4 Elemental analysis

Elemental analysis of the elements in the biomass ash was carried out to quantify the composition
of the elements present in the ash. The results obtained are given in Table 3.13. Ash of dirty and
treated biomass subjected to hammer mill treatment was used for the elemental analysis since

hammer mill produced the larger reduction in the ash content.

From the elemental analysis of dirty biomass, it is clear that the major inorganic compound present
in the biomass is silica followed by aluminum, iron and calcium. The presence of high amount of
silica and aluminum suggests the presence of soil or sand in the biomass. The treatment process

was able to reduce the amount of silica, aluminum and titanium.

The treatment of pine with 10% of ash shows that all the element of the biomass was reduced thus
confirming the presence of high amount of soil particles in the biomass and removal of these soil
particles by hammer mill treatment. However, for the whole pine wood, which had lower initial
ash content showed increase in Ca, Fe, Mg and K. The similar increment was also seen in the study
of Turn et al., (1997). Dukes et al. (2013) also showed the increment in K and P in their study even

though there was overall reduction in the ash content.

The increase in the concentration of Ca, Fe, Mg and K can be explained by the reduction of detrital
ash in the biomass which constitutes Si and Al, which means that there was no actual addition of
the Ca, Fe, Mg and K. The amount of silica and aluminum was largely reduced which caused the
concentration of Ca, Fe, Mg and K to increase because of the compositional percentile changes of
other detrital ash compounds.
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Table 3.13 Major inorganic composition in dirty and treated biomass from hammer mill

(9/ka)
Dirty_whole Treate_d Dirty Treated Soil
pine whole Pine P 10 10 P 10 10

SiO2 | 19.20+0.19 | 6.60 +1.16 80.60+3.64 | 15.04+1.66 | 667.48+5.38
Al20s | 1.26+0.38 |1.04+016 | | 11.79+2.66 | 7.45+0.60 | 11447+0.72

TiO2 | 0.10+0.02 | 0.06%0.00 056+0.02 | 0.34+002 | ©72+0.08
Fe20s | 0.35+0.08 | 0.72+0.62 3.07+031 | 210+0.38 | 31.12£0.55
E('glr[‘(g;‘t CaO | 1.38+0.13 [273+010| | 2.03+043 | 110+0.13 | 1281+034

MgO | 0.31+0.01 | 0.63+0.07 0.75+0.15 | 047+002 | 362+0.12

Na2O | 0.01+0.00 | 0.01+0.00 0.18+0.05 | 0.05+000 | 1.06+0.04

K:O | 0.54+0.05 | 1.04+0.15 134+002 | 081+004 | 866029

P,Os | 0.19+0.05 | 0.330.00 0.27+0.05 | 0.17+005 | 025+0.08

Note: The values after the £ sign denote the standard deviation. Control biomass is the dirty

biomass and treated biomass is treated with hammer mill. P_num_num denotation: the first

number shows the ash content and the second number shows the moisture content. PVIH is the

treatment of pine with hammer mill.

3.4.5 Ash balance

Ash balance was carried out by computing the difference in ash present in the raw biomass to that

of treated and residue. The ash loss percentage shows the amount of unaccounted ash loss during

the treatment. From the Table 3.14, it is clear that the ash loss was higher in hammer mill as

compared to the treatments from the vibratory sieve shaker and hammer mill.
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Table 3.14 Ash loss (%0) of all the treatments

Whole | Residual
Treatment | Sweetgum | pine pine
VI 2.53 7.71 6.51
HVI 15.31 15.34 9.10
MVI 2.48 8.21 6.38
Moisture content
Biomass | Treatment (%)
10 20 30
Pine with VI 1469 | 9.06 | 5.11
10% Ash HVI 18.40 | 21.56 | 21.81
MVI 9.48 | 5.71 | 1.75
Pine with VI 543 | 257 | 3.21
8% Ash HVI 17.31 | 19.71 | 23.95
MVI 12.33 | 1.08 | 9.90
Pine with \V4| 7.28 | 7.25 | 14.05
506 Ash HVI 17.04 | 10.11 | 27.60
MVI 14.30 | 2.76 | 14.29

Note: The treatment VI indicates vibratory sieve shaker, HVI indicates hammer mill followed by
vibratory sieve shaker and MVI indicates mixer and vibratory sieve shaker. The ash loss % is the

average of duplicates.

The ash loss can be explained by the mass loss during the experiments as explained in section
3.4.2. The fine particles were not collected from the walls of vibratory sieve shaker and mixer, and
higher unaccounted mass loss occurred in the hammer mill treatment. Since, the ash content of the
residue was higher, the ash content of the unaccounted mass could be high too as shown in Table
3.11. The high ash content of the unaccounted mass loss could have attributed to the ash loss for
the experiments. The loss in hammer mill was higher because of the high mass loss observed in

hammer mill because of air leaks during the treatment.
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3.5 Summary

e All the three treatment processes reduced the ash content of residual pine, whole pine and
sweetgum (biomass at lower ash content 2%) significantly (p<0.05) but there was no
significant differences (p<0.05) between the treatment types. However, the reduction in
ash did not affect the volatile matter and energy content.

e For biomass with higher ash content (ash coated pinewood with ash content higher than
5%), all the three processes significantly reduced (p<0.05) the ash content. But the hammer
mill treatment had the highest reduction rate. The increment in the volatile matter and
energy content was significant (p<0.05).

e Hammer mill was more effective in reducing ash content for ash coated biomass with
higher ash content (>5%) at all moisture content (10%, 20% and 30%) compared to
vibratory sieve shaker and mixer.

e Elemental analysis showed that the major inorganic constituent of the biomass was silica
which was reduced by the hammer mill treatment. The physical treatments are successful

in removing the detrital ash only.
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CHAPTER FOUR

STUDY OF EFFECT OF BIOMASS ASH ON PYROLYSIS PRODUCTS

4.1 Abstract

The product yield, and physical and chemical properties of the pyrolysis products from woody
biomass are dependent upon the properties of biomass used. In this study, pinewood at different
level of ash content was used as feedstock in fast pyrolysis. The ash content of pinewood was
increased by mixing soil with clean pinewood and later treated by three physical treatments to
understand the effect of treatment. The ash content of pinewood were at 0.56%, 1.16%, 2.77%,
4.40%, 6.87%, 8.35% and 15.52%. The increase in the ash content of biomass from 0.56% to
15.52% decreased the bio-oil yield from 47.09% to 26.28%, respectively showing the presence of
high concentration of ash has direct effect on pyrolysis. As the ash content was increased, the
carbon and hydrogen content of the biomass decreased which decreased the heating value of the
feedstock. The water content and ash content of the bio-oil increased with the increment in the ash
content of the biomass. The water content was in the region of 20.72%-24.99% and ash content
was in the region of 0.09% - 0.55% with the increase in the ash content of the biomass from 0.56%
to 15.52%. Furthermore, pH value of bio-oil decreased significantly (p<0.0001) and TAN
increased significantly (p=0.026) until 2.77% of ash in biomass. At higher ash content level of
biomass, with silica as major element, the acidity of the bio-oil increased. Since silica is the
deoxidizing agent, the O/C molar ratio of the bio-oil was reduced from 0.74 to 0.32 for biomass
with increasing ash content from 0.56% to 15.52% suggesting dehydration of bio-oil. The carbon
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and hydrogen content of the bio-char decreased with the increase in the ash content of the biomass
and furthermore, the ash content of the bio-char increased too, which resulted in the decrease of
heating value of the bio-char. SEM EDS analysis showed the formation of longitudinal cells in the
transversal section shows the fragility and lightness of the char particles and the mineral particles

were more abundantly dispersed in the case of bio-char with higher ash content.

4.2 Introduction

Biomass is an important renewable and alternative source of energy. Woody biomass has low
content of sulfur, nitrogen and ash contents and contributes to the reduction of atmospheric CO>
emissions (McKendry, 2002). Furthermore, it is the only renewable source of carbon, which can

be converted to liquid, solid and gaseous fuels (Huang et al., 2015; Amutio et al., 2012).

There are several methods such as physical, thermal, chemical and biological that are used to
convert biomass into biofuels and chemicals. Of all the different processes, pyrolysis and
gasification are the main thermal methods used (Gao et al., 2013). Fast pyrolysis is preferred over
slow pyrolysis because of the higher liquid yield and the ease of storing and transporting of the
resulting liquid (bio-oil) product. When the biomass is heated rapidly in the absence of oxygen,
biomass is decomposed to char, aerosols and gas. The aerosols are condensed to obtain bio-oil
which is a complex mixture of more than 300 compounds (Bridgwater, 1999; Gupta and

Demirbas., 2010; Diebold, 2000).

Various studies has been performed regarding the operating conditions for the pyrolysis process.
The effects of pyrolysis temperature, heating rate and vapor residence time on the quantity and
quality of bio-oil produced has been well studied and documented (Bridgwater, 2012;
Thangalazhy-Gopakumar et al., 2010; Mourant et al., 2013). The physical and chemical properties
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of the biomass also affect the product yield of pyrolysis process. Various studies have been
performed to understand the effect of ash content of biomass on pyrolysis. Chen et al. (2008)
studied the catalytic effect of eight inorganic additives (NaOH, Na.COs, Na>SiOz, NaCl, TiOo,
HZSM-5, H3POs, Fe2 (SO4)3) and found out that all the additives increased the liquid yield except
Na>SiOs3 and HZSM-5. Oasmaa et al. (2010) studied the product yield of 12 different biomass
samples with varying ash content and concluded that bio-oil yield decreases with increase in the
ash content. Yildiz et al. (2015) studied the effect of biomass ash in catalytic and non-catalytic fast
pyrolysis. Biomass ash was prepared by heating pine at 600°C. The major constituents of the
biomass ash was calcium. The metal compound present in the biomass decreased the bio-oil yield

along with the increase in the char product from pyrolysis process (Aho et al., 2013).

The studies carried out were mainly focused on the authigenic ash present in the biomass which
are bound to the biomass at carboxylic and/or phenolic groups (Kozlowsky et al., 1997).
Furthermore, the studies are more based on the ash removal by chemical treatments or leaching
methods which affects the properties of the biomass (Aho et al., 2013; Miles et al., 1995; Turn et

al., 1997).

No major studies have been carried out to evaluate efficacy of physical treatment processes to
reduce detrital ash in the biomass and to quantify the effect of physical treatment processes on the
characteristics of biomass subjected to pyrolysis. For this study, pinewood at different level of ash
content was chosen ranging from 0.56% to 15%. Pinewood was chosen as it is widely available
biomass in the US. The ash content was maintained at required level by adding detrital ash as

studied in the previous chapter.
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4.3 Methodology

4.3.1 Biomass preparation

Biomass at seven ash content levels, obtained from different treatments, were taken for pyrolysis.
The ash contents were 0.56%, 1.16%, 2.77%, 4.40%, 6.87%, 8.35%, and 15.52% at moisture
content less than 10%. Biomass with 0.56% ash content was the clean pinewood and biomass with
15.52% of ash content was prepared from rewetting and ash coating as explained in Section 3.3.1.
Biomass with ash contents 1.16%, 2.77%, 4.40%, 6.87% and 8.35% were obtained from different

treatments from previous chapter as shown in Table 4.1.

Table 4.1 Sources of feedstock and their ash content

S.N Biomass source Pyrolysis
Biomass type Treatment Ash content feedstock
(%, dry basis.)

1 Residual pinewood Hammer mill 1.05+0.07 Pine_1.16
2 Dirty pine at 5% ash Hammer mill 1.88+0.14 Pine_2.77
3 Dirty pine at 8% ash Hammer mill 3.36 £0.35 Pine_4.40
4 Dirty pine at 8% ash | Vibratory sieve shaker 6.72 + 0.62 Pine_6.87
5 Dirty pine at 10% ash Mixer 6.20 £ 0.46 Pine_8.35

The samples were ground using hammer mill through 1.58mm screen and fractionated to obtain
samples that passed through 40 micron screen and retained on 35 micron screen. The fractionated
biomass prepared for pyrolysis had higher ash content because the inorganics are more grindable

and are easily separated into finer fractions which increases the ash content of the fine samples.

4.3.2 Experimental setup

Bench scale fluidized bed reactor was used for carrying out fast pyrolysis experiments. It consists
of a screw feeder, reactor, cyclone, collectors, electrostatic precipitator, activated carbon and

moisture absorber. Figure 4.1 shows the schematic setup of the reactor.
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The screw feeder system was run by speed controlled DC motor which carried biomass fed from
hopper and to the base of the reactor. The reactor was made of stainless steel with 25.4 mm
diameter and 482.6 mm in height. The carrier gas was fed from the bottom of the reactor and a
distribution plate (Ace glass, porosity B) was placed at the bottom of the reactor. The cyclone was
used for char separation and collection, which was heated externally at 300°C. Three condensers
in ice bath and one electrostatic precipitator (ESP) were used as the liquid collectors. The non-
condensable gas passed through water separator and then through activated carbon absorber and
moisture absorber. The water separator was used to collect any tar produced. Activated carbon
absorber was used to collect any carbon in the gas and moisture absorber collected the water in the
gases. Quartz sand with particle size (150-300 microns) was used as the bed material for

fluidization.

Cyclone ESP
cD>

(-3
Moisture
0 | | | | G absorber

Reactor—
Hopper

[>> > Micro GC
Screew feeder
N ,ﬁ Condensers Water charcoal
2 separator

Figure 4.1 Schematic representation of pyrolysis experiment setup

The feed hopper was initially loaded with 60 g of biomass sample and the reactor was loaded with
20 g of bed material (sand). The reactor was preheated to the temperature of 500°C. The average
feed rate of the biomass sample was 20 g/h. The fluidization gas flow rate of nitrogen was set at 5

L/min. The biomass was not fed in until the constant temperature was attained in the reactor.
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4.3.3 Data collection

The dry mass of reactor, cyclone, pipings, condensers and ESP was taken before and after the
experiment. The difference in the mass of reactor and sand added was used to estimate the mass
of the char in the reactor. The difference in mass of the cyclone was the mass of the char collected
in the cyclone. The difference in mass of pipings, ESP and condensers was the mass of the bio-oil

produced.

The amount of bio-oil and char was calculated by the mass difference of the experimental set up
components. The amount of non-condensable gas produced was calculated from the mass

difference of initial biomass added and bio-oil and char produced (Equation 4.1).

Amount of non-condensable gas (%) = 100% — bio-oil (%) — char (%) (4.2)

4.3.4 Characterization of bio-oil, char and gas

4.3.4.1 Bio-oil analysis

The bio-oil was analyzed for pH, TAN, water content, ash content, volatile matter and heating
value. The chemical component of bio-oil was measured by gas chromatograph/mass spectrometer
(GC/MS). pH shows the strength of acidity of the bio-oil and was measured with a digital pH meter
(Oakton, Model PC 510). Total acid number (TAN) was determined using Mettler Toledo T50 by
performing potentiometric titration. The water content of the bio-oil was determined using
volumetric Karl Fischer titrator (Mettler Toledo, model VV20). Chemical composition of bio-oil
was analyzed using Agilent 7890 GC/5975 MS equipped with DB-1701 column. Approximately
150 mg of bio-oil was dissolved in 3 mL of methanol and was diluted to 10 mL with

dichloromethane. The diluted sample was injected into the column and analysis was carried out in
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duplicates. The initial temperature of the column was maintained at 40°C for 2 min and increased
to 250°C at 5 °C/min. The final temperature was held at 8 min. Helium was used as the carrier gas
at flow rate of 1.25 mL/min. Bio-oil compounds were identified by comparing the mass spectra

with the NIST (National Institute of Standards and Technology) mass spectral library.

The calculation and measurement of heating value, ash content and volatile matter content are

already explained in Section 3.3.3.

4.3.4.2 Char analysis

The char was analyzed for ash content, heating value and volatile matter. Ash content, volatile

matter and heating values were measured as explained in the Section 3.3.3.

Scanning electron microscope (SEM) (Zeiss EVO 50VP) was used to observe the magnified
structure of char. The char was coated with gold in sputter coating (EMS 550X). The magnified
images were observed to understand the structure of the char produced. EDS (Energy Dispersive

X-ray Spectroscopy) was used to perform the quantitative elemental analysis.

4.3.4.3 Gas analysis

Micro gas chromatograph (Agilent technologies) was used to analyze the chemical component of
non-condensable gas. Micro GC was equipped with two columns (M5A BF and PPU) using high-
purity helium and argon gas as carrier gases. Both the columns were 10 m in length. Helium was
fed to carrier 1 with a column temperature of 80 °C and pressure of 150 kPa whereas Argon was

fed to carrier 2 with column temperature of 100 °C and pressure of 100 kPa.
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4.4 Results and discussion

4.4.1 Analyses of feedstock

Seven ground pine samples at different ash content levels were used for the pyrolysis experiment.
The biomass with ash content from 1.17% to 8.35 % were obtained from different treatment from
first objective of this study as shown in Table 4.1. The ash content of the pyrolysis feedstock (1.16
- 8.35 %) as shown in Table 4.2 are higher as compared to that of the source samples (1.05 - 6.20
%) as shown in Table 4.1. Fractionated pyrolysis feedstock had higher ash content than ground
feedstock because the inorganic content is more grindable and are easily separated into finer
fractions from lignocellulosic structure of biomass during grinding (Hehar, 2013). Liu and Bi
(2011) also obtained similar results with switchgrass sample milled to obtain size less than 1 mm.
Ash content of switchgrass sample increased from 4.31% to 10.53% as the sieve size of the fraction
decreased from >0.95 mm to <0.15 mm (Dhiman, 2014). A summary of the proximate analysis is
presented in Table 4.2. The ash content of the biomass were chosen from 0.56% to 15.52% to
correlate with the biomass found from harvesting and bio-refineries. The moisture content of the

biomass were oven dried at 35°C to less than 10%.

Table 4.2 Proximate analysis of biomass feedstock for pyrolysis

Biomass Ash content Volatile matter Moisture HHV
(wt %, d.b.) (wt %, d.b.) content (MJ/kg, d.b.)
(%, w.b.)

Pine 0.56 | 0.56+0.05f 81.29+0.59¢ | 7.16+0.792" | 20.12 +0.552P
Pine 1.16 | 1.16+0.117 | 81.59+0.93°¢ | 849+0.142% | 20.25+0.152°
Pine 2.77 | 2.77+0.47° 83.57 £ 0.60 ? 6.29+0.90° | 20.16+0.112
Pine 4.40 | 4.40+035¢ | 83.44+1.01% | 857+1.01%" | 19.37+0.15"
Pine 6.87 | 6.87+0.50°¢ 78.82+0.66% | 599+0023 | 17.35+0.65°¢
Pine 8.35 | 8.35+0.34° 77.56 +1.06 ¢ 724+0.09% | 17.41+1.28¢
Pine 1552 | 1552 +0.912 | 7215+0.76° | 7.88+0.043%" | 17.63+0.19°¢
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Note: The values after the + sign denote the standard deviation. d.b. and w.b. stands for dry basis
and wet basis respectively. The values with the same letter are not significantly different (p<0.05)

for each column. d.b. stands for dry basis.

The results from the ultimate analysis are shown in Table 4.3. Carbon content ranged from 44%
to 49%, hydrogen from 5.7% to 6.74% for all the feedstock. Biomass with lowest ash content had
the highest carbon as compared to the biomass with the lower ash content. The nitrogen value for

biomass with modified ash and moisture content was not detected by the CHNS analysis.

Table 4.3 Elemental analysis of biomass (d.b.,%0)

Biomass C H N O
Pine_0.56 | 49.81+0.38 2P 6.64 + 0.05 2 0 42.98 +0.43 2P
Pine_1.16 51.21+0.392 6.74+0.202 0.08+0.11 | 40.81 +0.08 2P
Pine_2.77 | 49.74 +0.03 2P 6.62 +0.07 2 0 39.23+0.04°
Pine_4.40 | 47.59 +0.22 2b¢ 6.42 £0.232 0 43.22 +0.44 3P
Pine_6.87 | 46.17 + 1.60 Pcd 6.15+0.11° 0 39.36 +1.72°
Pine_8.35 43.16 +1.01¢ 5.72+0.09 ¢ 0 44.25 +0.92 2

Pine_15.52 | 44.33 +1.88 °¢ 5.91+0.03° 0 34.23+1.90°

Note: The values after the + sign denote the standard deviation. d.b. stands for dry basis. The
values with the same letter are not significantly different (p<0.05) for each column. d.b. stands for

dry basis.

4.4.2 Product yield

The bio-oil produced were collected from three condenser bottles and ESP. Bio-char was collected
from the cyclone. The amount of bio-oil in first condenser was greater than second and third
condensers in the flow line. The bio-oil from all the three condensers were stored in a container

and mixed thoroughly.
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Figure 4.2 shows the product yield distribution of feedstock at different ash content level. The
scatter in the product yield was less than 5% indicating sufficient reproducibility. The highest bio-
oil yield was obtained at lowest ash content level of biomass. The bio-oil yield decreased from
47.09% to 26.28% with ash content of biomass increasing from 0.56% to 15.52%. The significant
(p<0.05) reduction of the bio-oil yield can be attributed to the fact that at higher ash content level,
the combustible part of the biomass is less and thus the bio-oil obtained decreased. Furthermore,

the catalytic effect of ash itself on the primary pyrolysis vapors results in the decreased production

of bio-oil (Yildiz et al., 2015)
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Figure 4.2 Product Yield of pyrolysis of biomass at different ash content (same letter for
each group (Bio-oil, char and gas) indicates that it is not statistically different (p<0.05))

4.4.3 Bio-oil analysis

The C, H and O content of the bio-oils are given in Figure 4.3 and the corresponding O/C and H/C
molar ratios are given the Figure 4.4. From Figure 4.3, it can be seen that with the increase in the
ash content of the biomass, hydrogen and oxygen contents decreased suggesting dehydration

reaction is taking place from the effect of ash content in the biomass.
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Figure 4.3 Elemental analysis of bio-oil

Note: For the samples with Oil_num denotation, the num is the ash content of the biomass from
which the bio oil is produced. Same letter for each group (Bio-oil, char and gas) indicates that it

is not statistically different (p<0.05).
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Figure 4.4 H/C and O/C molar ratio of bio-oils produced from biomass with increasing ash
content

Note: Oil_num denotation, the num is the ash content of the biomass.

The decreasing trend of O/C ratio in Figure 4.4 shows that the presence of ash in the biomass can

cause deoxygenation in bio-oil. There was a drop in O/C ratio of 0.74 to 0.32 with the increment
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in the ash content of the biomass from 0.56% to 15.52%. As from the elemental analysis, the major
component of the ash was silica and aluminum. Hence, the presence of high amount of ash content
of biomass, with silica and aluminum as major element, can have the catalytic effect which causes
dehydration of the bio-oil. The presence of ash, also decreased the hydrogen in the bio-oil as seen

from the drop in H/C ratio, where H/C dropped from 2.26 to 1.79.

Bio-oil consists of more than 300 chemical compounds which constitutes anhydrosugars, phenols,
acids and hydrocarbons. The main groups of chemical compounds identified are represented in
Figure 4.5. Depolymerization reaction takes place in pyrolysis which decomposes cellulose and
hemi-cellulose to form different anhydrosugars and furans which is shown in the figure. The
conversion of anhydrosugars to furans increased with the increase in the ash content indicating the
ability of dehydration reactions (Mahadevan et al., 2015). The phenolic compound was reduced
with the increase in the ash content of the biomass and since the biomass ash in this study was rich
in silica and aluminum, which are both deoxygenating agents and are acidic in nature, could have
produced the catalytic effect of deoxygenation as the cracking of the heavier phenolic compounds
to produce lighter phenolics. Mahadevan et al. (2015) reported the similar reduction in phenolic
compounds when zeolite was used as catalyst. The total acidic compounds in the bio-oil increased
with the increase in the ash content and similar trend was observed in aldehydes and ketones.
Acidic compounds in the bio-oil induces corrosiveness whereas aldehydes and ketones relates to

instability of bio-oil during storage and transportation (lliopoulou et al., 2013).
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Figure 4.5 Chemical composition of bio-produced from biomass at different ash content

Note: For the samples with Oil_num denotation, the num is the ash content of the biomass from

which the bio oil is produced.

Table 4.4 shows the properties of the bio-oil produced from biomass at different ash content level
from pyrolysis. The water content increased for the bio-oils produced from biomass with greater
ash content. The water content of bio-oil produced from biomass at 0.56% of ash was 20.72%.
Although there was increasing trend in the water content, there was no significant difference
(p<0.05) in the water content for bio-oils produced from biomass of ash content 0.56% to 8.35%.
As deoxidation and dehydration was apparent from decreasing H/C and O/C ratio, dehydration
reaction was enhanced with the increase in the ash content suggesting the catalytic effect from the

ash content during pyrolysis process.
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Table 4.4 Properties of bio-oils produced from pine wood at different ash content

Bio-Oil | Water content | Ash content pH TAN(High) Energy

(%) (Wt%, d.b.) content MJ/kg

(Wt%, d.b.)

0il_0.56 | 20.72+1.20°¢ | 0.14+0.01°¢ [2.71+0.06% |106.00+1.41° | 2251 +0.17°¢

Oil_1.16 19.74+021°¢ | 0.09+0.06¢ |[254+0.10" |108.93+255%" | 99174+ 042¢

Oil 277 11931+0.37¢ |0.13+0.01¢ |2.28+0.04° |110.43+8.30% | 2958 +0.00¢
Oil 440 |19.72+0.13° |0.13+£0.01°¢ | 2.25+0.05¢ | 106.29 + 1.76 ** | 92 94 + 0.84 b<
Oil 6.87 |20.42+0.01°¢ |0.13+£0.00¢ |2.28+0.06° |109.00+1.91%" | 9990 +0.10b¢
Oil 835 |2230+0.05° [0.37+0.073" | 2.22+0.03° |115.92+0.28%" | 94 44 + 022 ab

Oil 1552 |24.99+0.862% |0.55+0.11% |222+0.09¢ |116.75+2.10% | 2485+ 0332

Note: For the samples with Oil_num denotation, the number shows the ash content of the biomass
from which the bio-oil was produced. The values after the + sign denote the standard deviation.
The values with the same letter are not significantly different (p<0.05) for each column. d.b. stands

for dry basis.

The ash content of the bio-oil increased with the increase in the ash content of the feedstock. There
was a decreasing trend in the pH and increasing trend in the TAN (high) value of the bio-oil
produced from biomass with increasing ash content suggesting the acidic nature of the bio-oil
produced with the increase in the ash content. The heating value of the bio-oil increased with the
increase in the ash content of biomass. The heating value was significantly (p<0.05) different for
bio-oils produced from biomass with ash content 0.56% to 2.77% and 4.40% to 8.35%. The heating
value increased significantly for bio-oil produced from biomass with ash content of 15.52%. The
increase in the heating value is due to the increment in the carbon content of the bio-oil at higher
ash content of biomass. The value of pH, TAN and heating value was in coherent with bio-oil

produced from pinewood from the study of Mahadevan et al. (2015).
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4.4.4 Bio-char analysis

Table 4.5 shows the ash content and heating value of the bio-chars produced. The ash content of
the char produced from biomass with 0.56% of ash content was 9.67%. But as the ash content of
the biomass was increased, the ash content of the bio-chars increased significantly (p<0.05). The
ash content of the bio-char produced from biomass with 15.53% of ash was highest at 29.12%.
Kim et al., (2012) produced bio-char at 500°C using fluidized bed reactor from pitch pine and

reported ash content as 7.7% for the bio-char produced.

The high ash content can be explained as the metal component of the biomass deposited in the char
during the pyrolysis. The heating value of the bio-char produced is higher as compared to the
biomass and bio-oil because of the high carbon content present in the bio-char. The heating value
of the bio-char decreased from 27.85 MJ/kg to 19.55 MJ/kg when ash content of the biomass was
increased from 0.56% to 15.52%. The decrease in the heating value may be due to the increasing

ash content in the bio-char and reducing carbon content as seen in Table 4.6.

Table 4.5 Energy content and ash content of char produced from biomass at different ash

content

Energy content Ash content

(MJ/kg, d.b.) (Wt%, d.b.)
Char 056 |27.85+0.112 9.67 £0.21¢
Char 1.16 |26.24 +0.64 2P 10.50 + 0.76 ¢
Char_2.77 |24.48 +£0.94 ¢ 14.39+1.03°¢
Char 440 |23.75+0.34°%4 |17.16 +2.46 ¢
Char 6.87 |21.09+1.20%% | 18.40+0.87 P¢
Char_8.35 |21.48+2.939¢ 28.30+1.59°2
Char_15.52 | 19.55+1.01° 29.12 +2.312
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Note: For the samples with Char_num denotation, the number shows the ash content of the
biomass. The values after the + sign denote the standard deviation. The values with the same letter

are not significantly different (p<0.05) for each column. d.b. stands for dry basis.

Table 4.6 Elemental analysis of bio-char (wt%o, d.b.)

Char C H N O Ash content
Sample (Wt%, d.b.)
Char _1.16 |66.38+1.25% |358+0.08% |0.06+0.02° [19.49+1.25% |10.50+0.76¢
Char 2.77 |64.15+1.223 [327+0.18°¢ |[0.07+0.03° [18.12+1.29% |14.39+1.03°¢

Char _4.40 |61.84+0.86°¢|3.23+0.04"° [0.09+0.00° |17.69+0.90%" |17.16 + 2.46 "¢

Char 6.87 |59.45+0.83%9 | 352+0.323¢ | 0.11+0.05° |18.52+0.80% |18.40+0.87 "¢
Char 8.35 |56.34+251% [399+0.21% |0.09+0.05° |11.28+2.35¢ |28.30+1.59°?
Char_15.52 | 54.66 +1.50¢ [2.98+0.09¢ |0.25+0.022 |13.00+1.57"¢ |29.12+2.312

Note: For the samples with Char_num denotation, the number shows the ash content of the
biomass. The values after the + sign denote the standard deviation. The values with the same letter

are not significantly different (p<0.05) for each column. d.b. stands for dry basis.

Table 4.6 shows the elemental analysis of the bio-char produced from biomass at different ash
content level. As the ash content of the biomass increased, the carbon content decreased from
66.38% to 54.66%. This can be correlated with the increasing amount of ash content of the char
itself (Table 4.4). Kang et al. (2006) studied the effect cyclone as char separator and found that the

carbon content of char was 73.5%, hydrogen was 3.1% which is similar to our results.

Char surface morphology with different ash content of biomass from pyrolysis can be observed by
comparing the SEM images of the char particles. SEM-EDS analysis was performed for the char
produced from three different ash content: 1.16%, 6.87% and 15.52%. The SEM images are given
in Figure 4.6. Figure 4.6 (a) and (b) shows the bio-char structure produced from biomass at 1.17%,

Figure 4.6 (b) and (c) shows bio-char produced from biomass at 6.67% and Figure 4.6 (d) and (e)
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shows bio-chars produced from biomass at 15.52%. The formation of longitudinal cells in the
transversal section shows the fragility and lightness of the char particles as observed in Figure 4.6
(@), (c) and (e). Furthermore we can see the rough appearance of the char which can be explained

by the escaping of the volatile species with open pores appearing in the char surface.

Note: Figure (a), (c) and (e) shows the char at 500x magnification and figure (b), (d) and (f) shows
the char at 5000x magnification.

Figure 4.6 SEM pictures of the chars obtained at different ash content: (a) and
(b) 1.16%; (c) and (d) 6.87%; (e) and (f) 15.52%

88



The mineral matter appears to be dispersed through the surface of the char. The dispersion is higher
in case of biomass with higher ash content as compared to the biomass with lower ash content. It
is clear in Figure 4.5 (b), (d) and (f). Similar roughness in the bio-char surfaces and dispersion of

mineral compounds were observed in the study performed by Fu et al., (2012).

SEM-EDS was used to estimate the mineral compound present in the char. The results of the
analysis is shown in the Table 4.7. The amount of silica was highest compared to the other elements
present in the bio-chars. As the ash content increased, the minerals composition of the char
increased. The increment in the elemental disposition in the bio-chars with the increase in the ash

content is also supported by the increment in the bio-char yield in the fast pyrolysis experiment.

Table 4.7 Elements compositions (wt %) of bio-char at different ash content level from

SEM-EDS
Elements Char_1.16 Char_6.87 Char_15.52
Mg 0.10 £ 0.03 0.21 £ 0.07 0.11 +0.02
Al 0.18 +0.08 1.54 £0.53 1.42+0.25
Si 2.14 +0.37 1.75+0.64 2.91+0.56
K 0.34+0.10 0.40£0.10 0.29 £ 0.05
Ca 0.47+0.14 0.52+0.14 0.51+0.08
Ti ND 0.08 +0.03 0.08 £ 0.02
Fe 0.12 £ 0.04 0.66 +0.19 0.74 £0.16

Note: For the samples with Char_num denotation, the number shows the ash content of the

biomass. The values after the + sign denote the standard deviation. ND stands for not detected.
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4.45 Gas analysis

The non-condensable gases produced from pyrolysis consists of hydrogen, methane, carbon

monoxide and carbon dioxide as shown in Figure 4.7. The production of carbon monoxide was

high as compared to the other gases. Yildiz et al. (2015) also reported the similar finding of CO as

the major component in the non-condensable gases.

4.5

Concentration (vol,%)

1.2

0.8
0.6
0.4

0.2

0 2 4 6 8 10 12 14 16
Pine ash content

Figure 4.7 Micro GC analysis of non-condensable gases
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Presence of high concentration of ash has direct effect on the properties of biomass. As the

ash content was increased, the carbon and hydrogen content of the biomass decreased

which resulted in the decreased of the heating value of the feedstock.

Bio-oil yield decreased with the increase in the ash content of the biomass. The water

content and ash content of the bio-oil increased with the increase in the ash content of the

biomass. Furthermore, pH value of bio-oil decreased significantly and TAN increased
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significantly (p<0.05) until 2.77% of ash in biomass. At higher ash content level of
biomass, with silica as major element, the acidity of the bio-oil increases.

e The carbon and hydrogen content of the bio-char decreased with the increase in the ash
content of the biomass and furthermore, the ash content of the bio-char increased too,
which resulted in the decrease of energy content of the bio-char.

e SEM EDS analysis showed the formation of longitudinal cells in the transversal section
shows the fragility and lightness of the char particles. Furthermore, we can see the rough
appearance of the char which can be explained by the escaping of the volatile species with
open pores appearing in the char surface. The mineral particles were more abundantly

dispersed in the case of bio-char with higher ash content.
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CHAPTER FIVE

SUMMARY AND FUTURE WORK

5.1 Concluding remarks

This thesis was able to establish the ash reduction of woody biomass by vibratory sieve shaker,
hammer mill and concrete mixer. All of the three treatment processes significantly reduced
(p<0.05) the ash content of the whole pinewood, residual pinewood and sweetgum with initial ash
level of around 2%. Hammer mill was found to be more effective in reducing the ash content of
the dirty pine chips as compared to that of mixer and vibratory sieve shaker for biomass with higher
ash level of greater than 5%. Hammer mill was significantly effective (p<0.05) in reducing ash
content at moisture content levels of 10%, 20% and 30% as compared to mixer and vibratory sieve
shaker, which were effective in reducing ash content at 10% of moisture content. The force
generated by the breaking action of hammer to the wood chips removed the dirt particles adhered
at the surface of the dirty chips and thus the ash content was reduced. The reduction in ash content

was in line with the increase in volatile matter and heating value of the biomass.

Fast pyrolysis was performed at 500°C on the treated samples at different ash content level to
understand the effect of ash reduction by physical treatments. The bio-oil yield decreased and char
production increased with the increase in the ash of the biomass as suggested from the literatures.
The water content increased with the increase in the ash content because of dehydration reaction

taking place as a result of catalytic effect of silica and aluminum in the ash. The same is suggested

%94



from the deoxygenation and dehydration phenomenon which was observed as decrement in O/C
and H/C molar ratio. Furthermore, pH value of bio-oil decreased significantly and TAN increased
significantly (p<0.05) until 2.77% of ash in biomass. At higher ash content level of biomass, with
silica as major element, the acidity of the bio-oil increased. The carbon and hydrogen content of
the bio-char decreased with the increase in the ash content of the biomass and furthermore, the ash
content of the bio-char increased too which resulted in the decrease of heating value of the bio-
char. SEM EDS analysis showed the mineral particles abundantly dispersed in the case of bio-char

with higher ash content.

As the hammer mill treatment was able to reduce the ash content of biomass from 10 and 8% to
around 3%, it not only can improve the transportation and storage cost, as the amount of inorganic
element in biomass is decreased but it also improved the bio-oil yield from the fast pyrolysis.
Furthermore, with the reduction of ash content, the water content of the bio-oil reduced with
reduction in oxygen content and the acidity of the bio-oil reduced too. The char produced had less

ash content with improved heating value as the ash was reduced from the physical treatment.

5.2 Limitations and recommendations for future work

Hammer mill was found to be effective in reducing the ash content of the biomass as the breaking
force generated by the hammer inside the hammer mill was great. The same concept can be used
during chipping method, in which the wood logs are reduced in size to woodchips of sizes 2 to 3
inches through wood chippers. Wood chippers will create the same breaking force as that of
hammer mill and thus the detrital ash can be removed when passed through vibratory sieve shaker
to reduce the ash content. Furthermore, physical treatment is recommended at the harvesting site

to reduce the detrital ash content of biomass which will aid the transportation of the woodchips.
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There was high amount of loss of fine particles from the hammer mill through air leaks during the
treatment. This also accounted for the high ash and mass loss of the feedstock. Hence, hammer

mill should be performed with proper air seals.

Hammer mill was effective in reducing the ash content at higher moisture content level. Hence,
leaching of dirty biomass with water followed by treatment with hammer mill can be done to

reduce the authigenic ash.

The detrital ash present on the biomass is largely dependent on the logistics and handling sites.
Since, in this study, due to unavailability of naturally occurring dirty woodchips of high ash
content, ash coating was done with soil taken from the University ground. This affected the
properties of biomass with silica as the major inorganic element and thus results of fast pyrolysis
were affected too. Hence, naturally occurring dirty chips, which may have different inorganic
elements as major constituent should be used to produce bio-oil to better understand the effect of
ash content in fast pyrolysis. Non-catalytic fast pyrolysis was performed in this study but catalytic
fast pyrolysis aids in upgrading of bio-oil and hence it should also be performed for biomass at

different ash content to understand the effect of ash as catalysts.
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APPENDIX A: ELEMENTAL ANALYSIS OF BIOMASS ASH AND SOIL
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Auburn, AL 9 : -
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5102 79.14 Oxidizing Reducing
AL203 9.43 Atmosphere Atmosphere
TI02 0.52
FE203 3.14 Initial
CAO 2.23 Softening
NGO 0.82 Hemispherical
NA20 0.22 Fluid
K20 1.26
P205 0.23
S03 0.15
CL <0.0
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Total 98.09
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Fuels Laboratory Sma%snr

Figure A.1 Descriptive result of ash analysis of dirty biomass at 10% of ash and moisture
content

97



_ Hazen Research, Inc. - " 8 2014
4601 Inckana Street 13 ember
HAZEN

%:‘07'3\0303 m . HRI Project -GYF

[ el g:{eszg:?: No. ‘&%}tz

Cust. P.O.#
Auburn University Sample Identification:
Ujjain Pradhan Treated P-10-10
East Magnolia Avenue, Apt. 329

Auburn, AL 9 -

Elemental Analysis of Ash (%) Ash Fusion T F
S102 55.07 Oxidizing Reducing
AL203 23.84 Atmosphere Atmosphere
1102 1.10
FE203 6.23 Initial
CAO 3.4 Softening
MGO 1.53 Hemispherical
NA20 0.19 Fluid
K20 2.65
P205 0.47
S03 0.22
CL <0.01
c02 0.87
Total 95.61

Report Prepared By:

Al
Fuels Laboratory Supervisor

Figure A.2 Descriptive result of ash analysis of treated biomass at 10% of ash and moisture
content
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Figure A.3 Descriptive result of ash analysis of dirty whole pinewood
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Figure A.4 Descriptive result of ash analysis of treated whole pinewood

100



- Hazen Research, Inc.
4601 Indiana Stree! Date October 30 2014

m Goldan, CO 80403 USA HRI Project 002-HCI
B i HRI Series No. J40/14-6
a Date Rec'd. 10/13/14
Cust. P.0.#
Auburn University Sample Identification:
Ujjain Pradhan Soil 11
E Magnolia Ave, Apt. 329

Auburn, AL 36849 -

Elemental lysis of Ash Ash Fusion T ratures F
S102 77.53 Oxidizing Reducing
AL203 13.32 Atmosphere Atmosphere
T102 0.66
FE203 3.58 Initial
CAO 1.46 Softening
MGO 0.41 Hemispherical
NA20 0.13 Fluid
K20 0.98
P205 0.10
S03 0.05
CL 0.03
C02 _0.32
Total 98.57

Report Prepared By:

Fuels Laboratory Supervifor

Figure A.5 Descriptive result of ash analysis of treated whole pinewood
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APPENDIX B: SEM AND EDS DATA
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Figure B.1 SEM (left) and corresponding elemental analysis (right) at 500X of bio char produced
from biomass with 1.16% ash
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Figure B.2 SEM (left) and corresponding elemental analysis (right) at 5000X of bio char produced
from biomass with 1.16% ash

Spectrum 3
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Figure B.3 SEM (left) and corresponding elemental analysis (right) at 500X of bio char produced
from biomass with 6.87% ash
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Figure B.4 SEM (left) and corresponding elemental analysis (right) at 5000X of bio char
produced from biomass with 6.87% ash
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Figure B.5 SEM (left) and corresponding elemental analysis (right) at 500X of bio char
produced from biomass with 15.52% ash
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Figure B.6 SEM (left) and corresponding elemental analysis (right) at 5000X of bio char
produced from biomass with 15.52% ash
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Char_1.16 Char_15.52 Char_6.87

Magnification 500X 5000X 500X 5000X 500X 5000X
C 68.37 7166 78.76 74.08 60.13 6258 6529 66.73 6797 66.61 68.05
O 2742 2495 1998 2261 3345 3166 27.65 2825 25.01 29.53 27.19
Mg 0.14 0.09 ND 0.08 0.14 0.10 0.12 0.09 0.16 0.16 0.31
Al 0.12 0.24 0.08 0.26 1.07 1.45 1.78 1.38 2.29 1.07 1.27
Si 2.69 2.07 1.66 2.15 3.76 2.55 3.08 2.26 2.66 1.26 1.33
K 0.51 0.27 0.27 0.29 0.28 0.28 0.36 0.22 0.37 0.29 0.54
Ca 0.58 0.62 0.26 0.43 0.44 0.56 0.61 0.42 0.42 0.42 0.72
Ti ND ND ND ND 0.06 0.08 0.12 0.07 0.12 0.07 0.04
Mn ND ND ND ND ND ND ND ND 0.08 ND 0.08
Fe 0.17 0.08 ND 0.10 0.66 0.74 0.99 0.57 0.93 0.59 0.47

Note: For sample with Char_num denotation, the num shows the ash content of the biomass from which the char was produced. ND stands for
not detected

Table B.1 Elemental concentration (wt. %) of bio-chars using SEM-EDS
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APPENDIX C: CHNS AND MICRO GC ANALYSIS DATA

Table C.1: Ultimate analysis of pine wood (a.r.)

Biomass | C H N S

P 6.87 |41.78 |5.63 0.00 -0.43
P 6.87 |43.88 |5.78 00.00 |-0.28
P 116 |47.11 |6.04 00.00 |-0.92
P 116 |46.61 |6.30 0.14 -0.27
P 440 |44.89 |6.19 00.00 |-0.29
P 440 |44.60 |5.89 00.00 |-0.36
P 835 |41.24 |5.32 00.00 |-0.34
P 835 |39.90 |544 00.00 |-0.30
P 277 |4546 |6.10 00.00 |-0.46
P 277 |4550 |6.01 00.00 |-0.30
P 1552 | 42.06 |5.46 00.00 |-0.50
P 1552 | 39.61 |5.42 0.02 0.040
P 056 |45.79 |6.11 00.00 |-0.57
P 056 |45.30 |6.04 00.00 |-0.58

Note: a.r. stands for as received. P_num: P stands for pinewood and number is the ash content

Table C.2 Ultimate analysis of bio-char (a.r.)

Char C H N S

Char 1553 | 55.72 | 3.04 0.23 -0.60
Char 15.53 | 53.60 2.91 0.26 -0.53
Char 6.87 | 60.36 3.53 0.10 -0.55
Char 6.87 |59.24 |3.20 0.07 -0.84
Char 6.87 |58.74 |3.84 0.16 -0.64
Char 440 |6245 |3.25 0.09 -0.85
Char 4.40 |61.23 3.20 0.09 -0.74
Char 2.77 |6355 |3.32 0.09 -0.49
Char 2.77 |63.97 |3.000 0.03 -0.74
Char 2.77 | 65.91 3.40 0.10 -0.73
Char 2.77 |63.17 |3.36 0.06 -0.59
Char 8.35 |53.58 |4.23 0.03 -0.73
Char 8.35 |58.48 |3.84 0.11 -0.50
Char 8.35 | 56.97 3.91 0.12 -0.85
Char 1.16 |67.54 |3.67 0.08 -0.56
Char 1.16 |67.37 |3.47 0.03 -0.65
Char 1.16 |65.31 3.58 0.05 -0.49
Char 1.16 |65.29 |3.59 0.06 -0.59
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Note: a.r. stands for as received. P_num: P stands for pinewood and number is the ash content

Table C.3 Ultimate analysis of bio-oil (a.r.)

Oil C H N S

Oil_0.56 |37.01 |7.38 0.10 -0.24
Oil_0.56 |36.01 |5.72 0.08 -0.32
Oil_8.35 4645 [7.19 0.87 -0.11
Oil_8.35 4643 |7.12 1.22 -0.21
Oil 2.77 |42.09 |7.47 1.21 -0.20
Oil_2.77 |41.77 | 743 0.79 -0.01
Oil_2.77 4343 [6.90 0.87 -0.12
Oil_2.77 4341 [6.80 0.94 -0.21
Oil_6.87 |44.08 |6.39 0.05 0.20
Oil_6.87 |4457 |7.76 1.06 -0.26
Oil_6.87 4734 |7.35 0.36 -0.22
Oil_1.16 |39.20 |7.83 1.25 -0.34
Oil_1.16 |38.60 |7.54 0.11 -0.05
Oil_1.16 |39.79 |6.88 0.05 -0.24
Oil_1.16 |40.6 7.56 0.92 -0.22
Oil_15.52 | 46.56 | 7.00 0.11 -0.08
Oil_15.52 | 46.53 | 6.96 1.00 -0.97
Oil_15.52 | 47.33 | 7.00 1.06 -0.18
Oil_ 440 |4550 |[7.13 0.27 -0.49
Oil_4.40 |43.68 |7.25 0.16 -0.42
Oil_4.40 |42.03 |7.99 0.81 0.08
Oil_ 440 4133 [7.69 0.78 0.05

Note: a.r. stands for as received. P_num: P stands for pinewood and number is the ash content
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Table C.4 Volumetric gas concentration of non-condensable gases from pine with 6.67%
ash (as received)

Sample | H2 N CHas CO CO2

Pine_6.87 | 0.006 | 93.472 | 0.007 | 0.001| 0.027
0.008 | 93.494 | 0.035| 0.045| 0.061
0.025 | 92.551 0.15| 0.134 0.34
0.009 | 86.593 0.04 | 0.016| 0.105
0.008 | 93.914 | 0.065 0.07| 0.074
0.009 | 93.959 | 0.093| 0.223| 0.083
0.006 | 93.571| 0.051| 0.144| 0.048
0.005| 93.836 | 0.039| 0.029 | 0.041
0.027 | 88.934 | 0.132| 0.477| 0.228
0.019| 89.79| 0.051| 0.217| 0.196
0.019 | 89.647 | 0.068| 0.219| 0.151

0.0287 | 89.28 | 0.197| 0.686| 0.397
0.015| 93.26| 0.062| 0.061| 0.141
0.015| 91.568 | 0.105 0.06 0.11
0.011| 90.87| 0.101| 0.336| 0.096
0.013| 89.785| 0.071| 0.202| 0.103
0.006 | 91.369 | 0.071| 0.165| 0.074
0.013| 87.101| 0.071| 0.226| 0.133
0.021 | 95971 | 0.146| 0.474| 0.338

Table C.5 Volumetric gas concentration of non-condensable gases from pine with 4.40%
ash (as received)

Sample | H2 N CHa CO CO2

Pine_4.40 | 0.005| 91.968 | 0.022| 0.173| 0.094
0.017 | 91.924 0.01| 0325| 0.127
0.046 | 91.095| 0.012| 0.251| 0.077
0.013 | 91.004 | 0.028| 0.212| 0.033
0.006 | 91.757 | 0.081| 0.174| 0.096
0.005| 90.575| 0.024 | 0.149 0.12
0.006 | 94.086 0.01 0.06
0.011| 94.625| 0.021| 0.173| 0.033
0.032 | 90.588 | 0.043| 0.325| 0.096
0.041 | 90.424 | 0.005| 0.251| 0.175
0.012| 8842 | 0.025| 0.212| 0.094
0.009 | 9355| 0.018| 0.174| 0.127
0.032 | 76.195 0.02 0.14| 0.077
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Table C.6 Volumetric gas concentration of non-condensable gases from pine with 2.77%
ash (as received)

Sample H> N CHs CO CO2
Pine_2.77 | 0.014 90.64 | 0.034| 0.148| 0.104
0.008 90.559 | 0.047| 0.187| 0.102
0.007 85.655| 0.035| 0.134 0.1
0.007 84.727 | 0.038| 0.158 | 0.087
0.015 82.856 | 0.068 | 0.215| 0.078
0.006 84.161| 0.051| 0.178| 0.117
0.008 86.129 | 0.036 0.13| 0.107
0.014 86.05| 0.102| 0.278| 0.193
0.012 84.853 | 0.056| 0.193| 0.195
0.008 85.135| 0.051| 0.202| 0.191
0.003 86.416 | 0.028 | 0.151| 0.129
0.006 | 86.90517 | 0.038 | 0.182| 0.096
0.007 | 86.05167 | 0.013| 0.158| 0.137
0.007 | 86.90517 | 0.075| 0.198| 0.071
0.008 88.55 0.06 0.24 0.27
0.007 91.174 0.054 0.157 0.046
0.01 91.025| 0.055| 0.157 | 0.046
0.008 89.97 | 0.058 0.11| 0.021

Table C.7 Volumetric gas concentration of non-condensable gases from pine with 8.35%
ash (as received)

Sample | Hz N CHa CcoO CO2
Pine 8.35| 0.011| 94.64| 0.0422 0.18| 0.178
0.01 | 94.559 | 0.0525 04| 0.187
0.006 | 95.655 | 0.0353 0.21| 0.066
0.004 | 94.727 | 0.0508 0.16 | 0.039
0.003 | 92.856 | 0.0339 0.26 | 0.023
0.004 | 9225, 0.013 0.03| 0.029
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Table C.8 Volumetric gas concentration of non-condensable gases from pine with 0.56%
ash (as received)

Sample | H2 N CHas CO CO2

Pine_0.56 | 0.005| 87.986 | 0.022| 0.048| 0.018
0.011 | 92505 | 0.052| 0.127 | 0.047
0.011| 93556 | 0.039| 0.137| 0.114
0.006 | 94.614 | 0.053 | 0.096 | 0.034
0.006 | 93.223 | 0.077 | 0.144| 0.041
0.011| 89.372| 0.051| 0.143| 0.035
0.025| 68.158 | 0.066 | 0.196 | 0.214
0.017 | 87.372| 0.073| 0.213 0.15
0.023 | 87.188 | 0.135| 0.347| 0.205

Table C.9 Volumetric gas concentration of non-condensable gases from pine with 1.16%
ash (as received)

Sample | H: N CHas CcO CO2

Pine_1.16 | 0.016 | 90.919 | 0.025| 0.104| 0.018
0.005| 88.934| 0.044| 0.124| 0.038
0.004 | 86.049 | 0.021| 0.064 | 0.042
0.004 | 94.823 | 0.021| 0.041 0.04
0.006 | 94.669 | 0.059 0.11| 0.058
0.006 | 93.464 | 0.079 0.22 | 0.056
0.004 | 91.782| 0.081| 0.229| 0.042
0.017 | 93.934| 0.053| 0.165| 0.018
0.011| 9386| 0.032| 0.028| 0.015
0.015| 93.725| 0.052| 0.112| 0.014
0.009 | 89.666 | 0.051| 0.184| 0.087
0.004 | 93.113 | 0.049 0.15| 0.085
0.011 | 88.776 | 0.093 0.35| 0.082
0.012 | 90.071| 0.051| 0.083| 0.079
0.012 | 88.969 | 0.068| 0.171| 0.122
0.007 | 90.078 0.09| 0.207| 0.107
0.019 | 90.506 | 0.115| 0.397 | 0.398
0.008 | 88.44 | 0.092 0.27| 0.114
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Table C.10 Volumetric gas concentration of non-condensable gases from pine with 15.52%
ash (as received)

Sample H2 N CHs CO CO2

Pine_15.52 | 0.007 | 86.549 | 0.0665| 0.205| 0.065
0.009 | 86.192 | 0.072| 0.209 | 0.106
0.007 | 87.053 | 0.057| 0.199 | 0.107
0.007 | 86.948 | 0.033| 0.136| 0.095
0.007 | 87.076 0.04 | 0.158| 0.096
0.005| 86.795| 0.047 | 0.201| 0.098
0.006 | 85.757 0.07| 0.212| 0.062
0.008 | 87.331| 0.0656 | 0.202 | 0.072
0.012 | 87.572 0.07| 0.227| 0.085
0.004 | 90.786 | 0.031| 0.133| 0.084
0.003 | 88.991| 0.002| 0.087 | 0.108
0.009 | 88.629 | 0.062 | 0.147 | 0.083
0.008 | 88.809 | 0.065| 0.176 | 0.148
0.008 | 91.405| 0.096| 0.185| 0.122
0.007 | 92.651 | 0.084| 0.205| 0.142
0.007 | 92.251 | 0.082 0.1 0.143
0.007 | 9234 | 0.099| 0.196| 0.116
0.004 | 92.863 | 0.112 0.16 | 0.086
0.006 | 92.843 | 0.123| 0.078 | 0.046
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Table D.1 List of compounds in each group-chemical composition

APPENDIX D: LIST OF COMPOUNDS (GC-MS ANALYSIS)

Anhydrosugar Acids Phenols Furans Aldehydes Ketones Hydrocarbons
1,6-Anhydro- 2-
-beta.-D- Butanoic acid Phenol Furancarboxalde Lrt;;zg;?/?i/rﬁ;\mald éj(z,lopentanedion Benzene
glucopyranose hyde, 5- ehvde e
(levoglucosan) (hydroxymethyl) Y
Methylenecyclopr Ethanone, 1-(4- Hexane. 2 4-
opanecarboxylic Phenol, 2-methyl- Furfural Vanillin hydroxy-3- dimeth ’I_’
acid methoxyphenyl)- y
2- 2-Cyclopenten-1- Decane. 2 4-
Nonanoic acid Phenol, 4-methyl- 3-Furanmethanol | Furancarboxaldehy | one, 2-hydroxy-3- . e
dimethyl-
de, 5-methyl- methyl-
Benzeneacetic Benzaldehyde, 4-
acid, 4-hydroxy- Phenol, 2-methoxy- 2(5H)-Furanone | hydroxy-3,5- 2(5H)-Furanone
3-methoxy- dimethoxy-

Benzoic acid, 4-
hydroxy-3-
methoxy-, methyl
ester

Phenol, 2-methoxy-4-methyl-

Furan,
tetrahydro-2,5-
dimethoxy-

1,2-Benzenediol

Phenol, 4-ethyl-2-methoxy-

1,2-Benzenediol, 4-methyl-

Phenol, 4-(2-propenyl)-

Eugenol

Phenol, 2-methoxy-4-propyl-
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