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Preface

Pyrolysis is an irreversible thermochemical treatment process of materials at
elevated temperatures in an inert atmosphere. Pyrolysis is used heavily in the
chemical industry to produce many forms of carbon and other chemicals from
petroleum, coal, wood, oil shale, biomass or organic waste materials. It is the basis
of several methods for producing fuel from biomass. Pyrolysis also is the process of
conversion of buried organic matter into fossil fuels.

Many factors contribute to making pyrolysis an attractive and possibly an essen-
tial process for converting biomass into bio-fuel or bio-energy. During the last
fifty years or so, and almost within living memory, man has witnessed an almost
imperceptible change in the energy situation from surplus and cheap availability to
scarcity. Renewable sources of energy have to be found in order to meet the con-
tinuously rising demand and decreasing energy reserves. Waste products and other
low-quality sources of energy and bottom-of-the-barrel residues may no longer

be discarded, and pyrolysis is one of the most effective processes for treating and
upgrading waste products.

Books and learned articles on pyrolysis are not few in number, but a new book on
pyrolysis is always called for in view of the continuous developments and new pro-
cesses in this important field of the chemical industry. The chapters in this book cover
awide area of this important topic. The introductory chapter in particular gives a brief
but comprehensive account of the various pyrolysis processes, products and materials.
The other chapters of the book deal with specific processes including, among others,
fast pyrolysis and pyrolysis of lignin and biomass materials such as waste tyres and
waste plastics. Other topics discussed include synthesis of different pyrolysis products
including bio-oil and biochar and modelling and optimization of pyrolysis products.

Readers of this book may not find an exhaustive or an encyclopaedic account of all
pyrolysis processes, products and materials, but they will find many interesting
and relevant topics related to different aspects of pyrolysis discussed by eminent
researchers in this field from across the world.

A final word needs to be said regarding IntechOpen in particular and other publish-
ers of open access books, which have made knowledge and research freely available
to all who seek it. The cooperation and support of the IntechOpen staff in the
preparation and final publication of this book is duly acknowledged.

Hassan Al-Haj Ibrahim

Professor of Chemical Engineering,
Director of Quality Assurance,

Arab University for Science and Technology,
Hamabh, Syria



Chapter1

Introductory Chapter: Pyrolysis

Hassan Al-Haj Ibrahim

1. Introduction

Pyrolysis, or thermolysis, is in essence an irreversible thermochemical treatment
process of complex solid or fluid chemical substances at elevated temperatures in
an inert or oxygen-free atmosphere, where the rate of pyrolysis is temperature-
dependent and it increases with temperature. During pyrolysis the molecules are
subjected to very high temperatures leading to very high molecular vibrations at
which the molecules are stretched and shaken to such an extent that they start
breaking down into smaller molecules. Pyrolysis also is always the first step in other
processes such as gasification and combustion where partial or total oxidation of
the treated material occurs. Thermochemical treatment processes are generally
classified according to their equivalence ratio (ER), which is defined as the amount
of air added relative to the amount of air required for stoichiometric combustion.
The equivalence ratio for pyrolysisis 0 (ER = 0), whereas the equivalence ratio
for combustion is equal to or greater than 1 (ER = 1), and the equivalence ratio for
gasification varies between 0.25 and 0.50 (Er = 0.25 - 0.50).

The word “pyrolysis” is coined from two Ancient Greek words pyro (zvpo)
meaning fire and lysis (Ac1g) meaning separating (or solution), so pyrolysis means
separation by fire or heat. In photolysis, by contrast, the chemical substances are
treated with light rather than heat.

The simplest example of pyrolysis is food cooking. When food is cooked, the
temperature of food increases leading to higher molecular vibrations and break-
down of larger complex molecules into smaller and simpler molecules which are
easier to digest. Another example of pyrolysis is the pyrolysis of tobacco, paper and
additives, in cigarettes and other products, which generates many volatile products
including nicotine, carbon monoxide and tar that are responsible for the aroma and
the hazardous health effects of smoking.

A process similar to the pyrolysis process takes place to some extent in nature,
where organic substances of biological origin are buried and transformed into fossil
fuels and coals of progressively higher carbon content under the action of tempera-
ture, pressure and chemical agents [1].

Pyrolysis is basically a thermal decomposition process where a raw material of
high molecular weight is decomposed or cracked to produce primary volatiles. The
primary thermal decomposition and dehydrogenation reactions are accompanied in
general with secondary polymerization and isomerization reactions of the primary
volatiles. The extent of the secondary reactions depends on the pyrolysis condi-
tions as well as on the type of the pyrolysis reactor used. Secondary reactions are
generally favored by high residence times and high temperatures. As it is practically
impossible to achieve a completely oxygen-free atmosphere, there will be a small
amount of oxidation reactions as well. The yields of the pyrolysis products are due
to both the primary decomposition reactions of the raw material and the subse-
quent secondary reactions of the primary volatiles.

1 IntechOpen
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The end products of pyrolysis include solid residual coproducts and ash,
noncondensable gases and condensable liquids known variously as pyrolysis oil,
pyrolytic oil, bio-oil or tar. The type and yields of the pyrolysis products depend
for the most part on the type of material treated. The pyrolysis end products can
also be controlled by optimizing pyrolysis parameters such as temperature, heating
rate, residence time, pressure, feed particle size and type of reactor. For example,
the production of bio-oil through pyrolysis, which is a thermodynamically nonequi-
librium process, requires only a short residence time in a high-temperature zone
followed by rapid thermal quenching. In some pyrolysis processes, a product that is
up to 80% liquid by weight can be produced.

Pyrolysis is mostly applied to organic materials. It is basically a carbonization
process where an organic material of high molecular weight is decomposed or
cracked to produce a solid residue with high (or higher) carbon content and some
volatile products. As is well-known, any organic matter can be carbonized or made
to lose progressively its atoms other than carbon to become an artificial carbon
material or “carbon”. In addition to organic materials, pyrolysis can be applied in
certain cases to inorganic materials and to water and aqueous solutions.

Pyrolysis is an endothermic process. Determination of the overall energy bal-
ance and the thermal efficiency of the process is a fundamental step in designing an
efficient pyrolysis reactor. The use of renewable energy or solar-thermal power to
drive pyrolysis could make the process more economical and carbon neutral [2, 3].

Pyrolysis reactions typically occur at temperatures between 400 and 800°C. As
the temperature changes, the product distribution can be altered. Lower pyrolysis
temperatures usually produce more liquid and solid products, while higher tem-
peratures favor the production of more gases as a result of more powerful thermal
cracking reactions. The pyrolysis temperature has also a significant effect on the
properties of the pyrolysis products. The calorific value of the pyrolytic oil, for
example, increases mostly with increasing temperature.

The rate of heat transfer also influences the product distribution. In fast pyroly-
sis at lower temperatures, higher heating rates and small residence times favor
liquid yield as the cracking of larger molecules to produce gaseous products is hin-
dered. Liquid yield is also favored by immediate and rapid quenching which is often
used to maximize the production of liquid products by condensing the vapors and
gaseous molecules. Intermediate pyrolysis in screw reactors with longer residence
time (minutes vs. seconds) can also be used for bio-oil production. In this process,
two condensates are usually obtained, an aqueous phase and an organic phase
defined as bio-oil. Although the yield of bio-oil is lower compared to fast pyrolysis,
the bio-oils produced from intermediate pyrolysis are more stable, contain less
oxygen, and have lower molecular weight substances, and the process is easier to
control [4]. Slow pyrolysis, on the other hand, can be used to maximize the yield of
solid char. This process requires slow pyrolytic decomposition at low temperatures.

Pyrolysis may be carried out at atmospheric or higher pressure or in vacuum
where uncontrolled combustion is avoided. In practice, however, pyrolysis is mostly
carried out at atmospheric pressure as creating a vacuum or high pressure drasti-
cally increases the cost of process equipment. Operation under high pressures
results generally in greater yields of biochar and gases, while lower pressure or
vacuum results in increased production of liquid products.

While feed particle size may not greatly affect pyrolysis product distribution,
larger particle size tends in general to increase the liquid yield at a higher tempera-
ture range. Smaller particle sizes on the other hand favor the internal heat transfer
within the particles. In fluidized bed reactors, the particles must be greater than a
minimum, in order to avoid entrainment of fines, particularly where the material
has a low density [5].
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Reactor type is crucial for the efficient production of pyrolysis oil. Reactor types
include packed or fixed-bed reactors, rotary kiln reactors and fluidized bed reac-
tors. Fluidized bed reactors in particular, such as the auger, bubbling fluidized bed
reactor and the circulating fluidized bed reactor, are highly efficient for the large
commercial-scale production of pyrolysis oil [6].

Fluidized and fixed-bed reactors are mostly exterior-heating pyrolysis reactors
where heat is transmitted from the exterior surface to the interior of the material. In
fluidized bed reactors, fluidization increases mixing and interaction leading to effi-
cient heat transfer, uniform temperatures, improved reaction rates and higher yield
of bio-oil. On the other hand, interior heating is utilized in microwave-assisted
pyrolysis with high energy effectiveness and the production of uniform products.
Unlike traditional heating, microwave heating provides quick quenching of the
pyrolysis vapors, which avoids secondary decomposition reactions of the primary
products.

A catalyst may be used in catalytic pyrolysis processes to improve the yield and
lower the temperature and/or time of reaction. Aromatic hydrocarbons such as
benzene, toluene and xylenes may be directly produced by catalytic pyrolysis of
biomass [7, 8].

A pyrolysis-based process has several advantages over other treatment processes:

1. The technology is relatively simple and can be made compact and lightweight.
Applications of pyrolysis processes range from large-scale industrial appli-
cations where high temperatures are used to smaller-scale operations, even
portable biomass conversion units, where the temperatures may be much
lower. Mobile pyrolysis units for the production of liquid and solid fuels have
been designed for the treatment of timber and lumber mill and other agricul-
tural wastes. The pyrolysis units are built on trailers and consist of four basic
groups: feed preparation machinery, a fluidized bed pyrolysis vessel, prod-
uct separation equipment and an onboard gas turbine electrical generation
system [9].

2. Pyrolysis, furthermore, can be conducted as a batch, low-pressure process,
with minimal requirements for feedstock preprocessing.

3.Pyrolysis can also be used for all types of solid and liquid products and can be
easily adapted to changes in feedstock composition.

4. The pyrolysis technology can be designed to produce minimal amounts of
unusable byproducts.

5.In comparison with other treatment processes such as gasification, pyrolysis
produces in general fewer air emissions, lower emission of nitrogen and sulfur
oxides, less CO, generation, less dust emission and no emission of dioxin inside
the pyrolyzer due to the pyrolysis with deoxidized hydrocarbon gas.

2. Industrial applications of pyrolysis

Pyrolysis is a proven and energetically efficient chemical technology that is used
heavily in the chemical industry. Pyrolysis may be used in biorefineries for making
a wide range of products and materials on which a future sustainable society may be
based including many forms of carbon, fuels and other potentially valuable chemi-
cals and chemical feedstocks.
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There are a great many pyrolysis processes used in the production of fuels and
chemicals. Such processes differ in the type of process, the use of catalysts, the
substances treated and the end products. Pyrolysis processes include catalytic and
noncatalytic pyrolysis, hydrous pyrolysis, vacuum pyrolysis, slow pyrolysis, torre-
faction, fast pyrolysis, fluidized bed pyrolysis, flash pyrolysis, microwave-induced
pyrolysis, plasma pyrolysis, empty tube pyrolysis, on-line pyrolysis and ultrasonic
spray pyrolysis (USP). Other pyrolysis processes include also thermal decomposi-
tion, destructive and dry distillation, charring, tyre recycling and pyrolysis,
liquefaction, high- and low-temperature carbonization, coking and thermal and
catalytic cracking.

Common pyrolysis methods are frequently associated with many disadvantages
including low gas yield, reducing the total energy value of the gas, and high content
of tar in the gas, causing corrosion problems in the gas collection equipment and
increasing the need for further treatment of the gas produced [6, 10, 11]. The disad-
vantages of the traditional pyrolysis methods may be overcome by radio-frequency
plasma pyrolysis technology or by adding catalysts and steam.

Compared with noncatalytic pyrolysis, catalytic pyrolysis increases the
pyrolytic gas and char yields but decreases the amount of oil [12]. The hydrogen
concentration of the pyrolytic gas can also be considerably increased by the use of
some catalysts [13]. The effect of the use of catalysts on the pyrolytic gas yield was
investigated by Chen et al. It was found that some catalysts, particularly chromium
oxide, have a strong positive influence on the pyrolytic gas, while other catalysts
such as CuO even inhibits the pyrolytic gas yield [14]. Catalytic pyrolysis affects
also the chemical composition and characteristics of the bio-oil produced. With
catalytic biomass pyrolysis, the need for costly condensation and re-evaporation
procedures prior to bio-oil upgrading is essentially eliminated [15, 16]. The effect of
the catalysts on the yields and structure of products, however, becomes less signifi-
cant with increasing temperature [17, 18].

Hydrogen may also be used in the pyrolysis process to enhance the chemical
reduction and suppress oxidation by the elemental oxygen in the feedstock. The use
of hydrogen can also change the pyrolysis products distribution.

Different catalysts may be used in different catalytic processes including Pt-Rh
alloy, nickel-based catalysts, chromium oxide, Co/Mo/Al,Os, solid phosphoric acid
and zeolite [19]. In a study conducted on biomass pyrolysis in a fixed-bed reactor,
chromium oxide was used leading to gas yield improvement [14]. Oxygenated
products can be reduced by utilizing zeolite-type catalysts [20]. Because of their
high surface area and regular pore structures, mesoporous zeolites tend to inhibit
repolymerization reactions [21, 22]. Zeolite catalyst was used in a catalytic pyrolysis
process for the production of bio-oil from rice straw in a fluidized bed reactor.

The water content in the bio-oil increased due to deoxygenation, and the aromatic
compounds and the calorific value were also increased [12].

In hydrous or steam pyrolysis, organic materials are decomposed in the presence
of superheated water or steam. The use of water as a pyrolyzing media also allows
the feedstock to be introduced into the reactor in an aqueous form. The use of steam
allows pyrolysis to occur at lower temperatures and higher pressures. In general,
hydrous pyrolysis gives cleaner carbon with better properties and a relatively high
surface area and porosity that are similar in nature to activated charcoal. The oil pro-
duced, however, contains high sulfur content and should normally be desulphurized.
The C/H ratio of the pyrolytic oil is somewhat higher than that found for petroleum-
derived fuels. This ratio indicates that such oil is a mixture of aliphatic and aromatic
compounds. There is evidence to indicate that increasing the steam ratio (kg of
steam/kg of biomass) leads to an almost linear increase of the calorific value of the
biogas and an equally linear decrease in the calorific value of the biochar.
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Bio-oils and fuels can be produced by hydrous pyrolysis of rice straw and other
biomass materials. Steam cracking of petroleum oils can be used for the production
of different cracking chemicals such as ethylene, which is a compound used for the
production of many polymers and antifreeze (ethylene glycol).

According to Tu et al., radio-frequency plasma pyrolysis technology can
overcome the disadvantages of common pyrolysis methods [23]. This is a capaci-
tive dielectric heating method which employs an alternating current with high
frequency and voltage to build up an electromagnetic field that produces plasma
to induce the target material resulting in vigorous colliding, rubbing and thus
self-heating. As the material is heated under a suitable degree of vacuum, pyroly-
sis occurs. The many advantages of this method include high heating rate, short
heating time to reach the setting temperature, low heat loss, high concentration
of syngas and low residual tar [5, 9, 24-27]. The high heating rate can efficiently
decompose the combustible solid to gas products of Hy, CO, CH4 and low carbon
hydrocarbons such as C,—Cs [23]. The low concentration of tar in the gas phase,
mostly below 10 mg/Nm’, can be achieved because high-energy species, such as
electrons, ions, atoms and free radicals, produced from the radio-frequency plasma
can enhance the decomposition of tar [27].

In vacuum pyrolysis, the organic material is heated in vacuum to reduce its boil-
ing point and also to avoid adverse chemical reactions.

In slow, or conventional, pyrolysis, the feedstock is heated slowly at a low heat-
ing rate (0.1 to 2°C per second) to low temperatures (<400°C) for a long period of
time. During slow pyrolysis of biomass, the biomass is slowly devolatilized leading
to the production of tar and char as the main products. The gas produced consists
mainly of methane along with minor amounts of hydrogen, propane, ethylene, CO
and C02

Torrefaction, also known as mild pyrolysis, is an example of a slow pyrolysis
process. Torrefaction of biomass is a mild form of pyrolysis carried out under atmo-
spheric conditions and at temperatures typically ranging between 200 and 320°C,
where the onset of primary pyrolysis occurs at 200°C. For the low temperatures
applied in torrefaction, the warm-up period is relatively short, even for the low
heating rates commonly applied in torrefaction.

Torrefaction serves to improve the properties of biomass in relation to thermo-
chemical processing techniques for energy generation such as combustion, co-com-
bustion with coal or gasification. Torrefaction also eliminates all biological activity
reducing the risk of fire and stopping biological decomposition. About 10% of the
energy content in the biomass is lost as a result of the torrefaction process, but this
energy of the volatiles can be used as a heating fuel for the process itself. During
torrefaction, moisture and low-weight organic volatile components are removed,
and the biomass loses typically 20% of its mass (dry bone basis). In addition, torre-
faction partly depolymerizes the biopolymers (cellulose, hemicellulose and lignin)
and the long polysaccharide chains, producing a hydrophobic, dry, blackened solid
product as “torrefied biomass” or “bio-coal” with an increased energy density (on
a mass basis) and greatly increased grindability. As a result, significantly lower
energy is required to process the torrefied fuel, and it no longer requires separate
handling facilities when co-fired with coal in existing power stations [20]. Torrefied
or so-called roasted wood has found applications as a barbecue fuel and firelighter
[28]. Finally, it has been suggested that torrefied biomass is a suitable feedstock
for systems previously not considered feasible for raw biomass solid fuels such as
entrained flow gasification. This is because torrefied biomass forms more spherical-
shaped particles during grinding or milling [29].

In fast pyrolysis, on the other hand, the organic materials are rapidly heated
at 450-600°C in the absence of air in which fast heat transfer (100-1000°C/s) is
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applied. Achieving very high heating and heat transfer rates during pyrolysis usu-
ally requires a finely ground biomass feed. Fast pyrolysis is a well-known technique
for the production of high-volatile products. Due to the short vapor residence times,
products are high-quality ethylene-rich gases which can be used subsequently to
produce alcohols or gasoline. The production of char and tar is considerably less in
this process [30, 31].

The fast pyrolysis process has been progressively designed and optimized for
producing bio-oils from biomass. A number of essential features are required for
the production of bio-oil by fast pyrolysis. These include very high heating rates
(1000°C/s), high heat transfer rates (600-1000 W/cm?), short vapor residence
times (typically less than 2 seconds), lower process temperatures and efficient and
rapid quenching of the condensable vapors in order to prevent their cracking and
hence maximize oil production [6, 32]. In experiments conducted by Lee et al.,
the optimum reaction temperature range for the production of bio-oil by fast
pyrolysis was found to be 410-510°C [33]. The bio-oil produced by such a process
may contain large molecules derived from lignin which adversely affects the bio-oil
properties [34, 35].

Catalytic fast pyrolysis can be used to produce aromatics using a range of differ-
ent lignocellulosic feedstocks. Catalytic fast pyrolysis has several advantages over
other biomass conversion processes where pyrolysis reactions can occur in a single
reactor using inexpensive aluminosilicate catalysts [36].

With the application of induction heating, a fast pyrolysis process was used for
producing valuable products from rice straw, sugarcane bagasse and coconut shell
in an externally heated fixed-bed reactor [37]. In one process, the straw is pulver-
ized, dried at 150°C, mixed with other raw materials, press formed at 200°C and
finally carbonized at 300-350°C [38]. In another process, the biomass mixture,
after pulverization and extrusion, is oven dried and carbonized at 600-800°C [39].

Infrared radiation is an efficient technique for fast heating processes since the
energy from the infrared radiation is directly transferred to the process material.
Infrared radiation is used as the heating source for many applications such as food
processing, surface heating, solid decomposition and fast pyrolysis of oil shale [40].
In a study by Siramard et al. on the pyrolysis of shale oil in a fixed-bed reactor with
infrared heating, it was found that shale oil production is affected by the direction
of the infrared beam with higher yield achieved by the cross-current in comparison
with the co-current heating. This is to be explained by the fact that the residence
time of the volatiles was shorter in the case of the cross-current which led to the
reduction of secondary cracking reactions of the volatiles. Reduced pyrolysis pres-
sure was also found to be beneficial to the release of volatiles and the reduction of
secondary cracking reactions [40].

Fluidized bed pyrolysis is carried out in a fluidized bed created by passing an
upwardly moving carrier gas stream through a bed of the solid particulate substance
under appropriate conditions to cause the solid/fluid mixture to behave as a fluid.
The use of a carrier gas for fluidization results in a lower calorific value of the biogas
produced. A fluidized bed reactor operating at atmospheric pressure at 500°C was
used to produce bio-oils from wood feedstocks and rice straw [41]. A circulating
fluidized bed reactor with sand used as bed material was used at a gauge pressure
of about 5-15 kPa for the production of pyrolysis oil from napier grass (Pennisetum

purpureum) with a calorific value of 19.79 MJ/kg. The maximum pyrolysis oil
production was 37 wt% at 480°C of bed temperature. The oil produced is applicable
to steam engines and gas turbine engines but not to diesel engines [42].

Higher efficiency is sometimes achieved by flash pyrolysis, also called anhy-
drous pyrolysis. In this process, the starting material is finely divided or crushed
and quickly heated to between 350 and 500°C for less than 2 seconds, generally in
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vacuum in order to decrease the boiling point of the byproducts and avoid adverse
chemical reactions. In this process, the insulating char layer that forms at the
surface of the reacting particles is continuously removed. This process is used, for
example, in organic synthesis.

A flash pyrolysis process was developed by Longanbach and Bauer to produce
liquid fuels, chars and gases from bituminous and subbituminous coal, municipal
refuse, grass straw and other biomass materials. In this process, the biomass mate-
rial is heated by contact with hot recycle char and carried in gas stream through a
reactor where pyrolysis occurs at very short residence times and heat-up rates [43].
A flash pyrolysis process was also developed to convert municipal, industrial and
agricultural wastes into pyrolytic oil at near ambient pressure with no need for
chemicals or catalysts. At the same time, inorganics were recovered [44].

Microwave heating is an electromagnetic irradiation in the range of wavelengths
from 0.01 to 1 m and the equivalent frequency range of 0.3-300 GHz. Normally,
the microwave reactors for chemical synthesis and all domestic microwave ovens
operate at 2.45 GHz frequency, which corresponds to a wavelength of 12.25 cm. The
material which absorbs microwave irradiation is known as microwave dielectrics,
and microwave heating is thus referred to sometimes as dielectric heating [45, 46].

Microwave heating has been widely used in many areas of thermochemical
treatment of waste materials such as biomass, waste cooking oil and scrap tyres.
This is mainly due to its high heating efficiency and easy operation. Microwave
heating is an inside heating process that is carried out within the heated sample as
awhole. It requires in general less energy input than conventional heating and has
in addition other advantages including heating uniformity and shorter heating time
[47]. In microwave-induced pyrolysis, focussed heating by microwaves makes the
resulting pyrolysis different from the traditional pyrolysis. Microwave-induced
pyrolysis does not require in general agitation, fluidization or a high degree of
grinding, and, furthermore, it can be used for the treatment of mixed feedstocks
such as municipal solid wastes [48].

According to Huang et al., higher microwave power levels contribute to higher
heating rates and reaction temperatures and can therefore produce a torrefied
biomass with higher calorific value and lower H/C and O/C ratios [49]. The
suitable microwave power levels proposed by Wang et al. are to be set between
250 and 300 W for the torrefaction of rice husk and sugarcane residues [50].

In a study by Ahmad et al., torrefied palm kernel shell had the highest calorific
value at the microwave power level of 450 W. However, when the microwave
power level increased from 450 to 600 W, the calorific value of the torrefied mass
decreased [45].

A work by Zhu et al. has shown that microwave heating can change the super-
molecular structure of lignocellulosic materials [51]. In a study by Huang et al., it
was suggested that a hydrogen-rich fuel gas (51-55% H,) can be produced from rice
straw using microwave-induced pyrolysis. The major components in the gaseous
product were H,, CO,, CO and CH,. Alkanes, polars and low-ringed polycyclic
aromatic hydrocarbons were the three primary kinds of compounds in the liquid
product. From the viewpoint of energy consumption, close to 60% of the input
energy could be derived and utilized as bioenergy [52].

Bio-oils of viscosities lower than the viscosity of light and heavy fuel oil and
therefore easier to handle and process were obtained by microwave-assisted pyroly-
sis of aspen, canola and corncob feedstocks [41].

Microwave heating was also used for the treatment of waste tyres. Experiments
were run in a batch laboratory scale with an oven operating at a frequency of
2.45 GHz with a variable energy output up to 6 kW. Short pyrolysis time and
manageable product properties were achieved. Typical products were a solid residue
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containing up to 92% of carbon, a low-viscosity oil with a high calorific value and a
gas containing light hydrocarbons, hydrogen and only traces of N, [53].

In empty tube pyrolysis, a heated alumina or nickel tube is used in which the
samples are injected. This method was developed simultaneously by two groups
working at the Scottish Crop Research Institute and at Indiana University.

In ultrasonic spray pyrolysis (USP), an ultrasonic nozzle is utilized for fine
chemical synthesis such as the synthesis of nanoparticles, zirconia and oxides.

Liquefaction is the thermochemical conversion of an organic solid into a liquid
composed of heavy molecular compounds with characteristics similar to petro-
leum-based liquids such as fuel oils. Liquefaction may also involve the production of
a liquid from a pyrolytic gas stream.

The materials treated by pyrolysis include:

* Solid materials such as oil shale, coal, wood, woody and herbaceous biomass
and organic, agricultural and municipal solid waste materials including straw,
animal dung and human fecal waste, waste plastics and even waste printed
circuit boards. Rice straw in particular has several characteristics that make it
an attractive lignocellulosic material for bioethanol production, such as high
cellulose and hemicellulose content that can be readily hydrolysed into fer-
mentable sugars. The high ash and silica content of rice straw, however, makes
the selection of an appropriate pretreatment technique a major challenge in
developing an economically viable technology for bioethanol production [54].

* Liquid materials such as petroleum fractions.

3. Other applications of pyrolysis

In addition to being a production process of chemicals and fuels, pyrolysis can
be used for other purposes such as carbon-14 dating, thermal decomposition,
thermal cleaning and removing of contaminants and for analysis and identification
purposes as well. Pyrolysis can also be used as a pretreatment for more conventional
techniques, such as incineration, gasification or steam reforming. Thermal decom-
position reactions are the basis of reforming processes in the oil refining industry
used to improve the combustion characteristics of gasoline and increase its octane
number. In the petrochemical industry, reforming is used mainly to produce aro-
matic compounds which are used as feedstocks. In the treatment of plastic waste, a
dual process of pyrolysis followed by steam reforming of the pyrolytic products is
used for the production of gaseous fuels and hydrogen. Pyrolysis may also be used
to coat a preformed substrate with a layer of pyrolytic carbon. This is typically done
in a fluidized bed reactor heated to 1000-2000°C. Pyrolytic carbon coatings are
used in many applications, including artificial heart valves.

A common process of thermal cleaning that is of particular interest in the oil and
petrochemical industry is thermal desulphurization. Thermal desulphurization is
the process where the substance to be treated is heated under atmospheric pressure
in an inert atmosphere to a specified temperature and then kept at that temperature
for a specified period of time. Most organic sulfur compounds undergo thermal
decomposition at elevated temperatures, but some sulfur compounds decompose at
lower temperatures such as many mercaptans which decompose at about 600 K and
some sulphides which decompose at 530-670 K [26]. This process was found to be
the most practical process for the desulphurization of petcoke and can be the only
one possible when other techniques prove to be difficult or inefficient as was found
in at least one case with Syrian petcoke [55].
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Chapter2

A Study on Pyrolysis of Lignin
over Mesoporous Materials

Abdelrahman Mohamed Rabie and
Marwa Mohamed Abouelela

Abstract

The aromatics have widespread uses across the chemical industries. Where, the
monocyclic aromatics (e.g. BTX) and phenolics compounds are important basic raw
materials for several industrial petrochemical processes such as synthetic polymers,
detergents, biocides, resins, explosives, etc. Traditional production of these valu-
able chemicals has been dependent on fossil resources for more than half a century.
So, it requires strategies for alternative chemical production from renewable sources
especially from nonedible biomass. This chapter presents a review of the recent
literature on the fast pyrolysis process for the production of aromatic hydrocarbons
using mesoporous catalysts. We focus on the factors that can enhance the yield of
aromatics and the lifetime of the catalyst used. Background information on catalyst
deactivation during the pyrolysis process was described. The role of mesoporous
catalyst’s acidity and textural and topological properties of lignin to aromatics
conversion was also discussed in detail.

Keywords: pyrolysis, fast pyrolysis, lignin, mesoporous materials

1. Fast pyrolysis of lignin for production of aromatic hydrocarbons by
mesoporous catalysts

Catalytic fast pyrolysis of lignin with catalysts to produce aromatic hydrocar-
bons has attracted many research interests in recent years. Aromatic hydrocarbons,
especially benzene, toluene, ethyl benzene and xylenes (BTEX), are considered to
be important and valuable chemicals in the petroleum industry (Figure 1) [1-5].

Pyrolysis of lignin is the thermal depolymerization of organic materials in an
oxygen-free environment in a temperature range of 300-900°C [6-8]. During
the thermal decomposition process, hemicellulose, cellulose, and lignin undergo
different reactions, leading to a three-stage reaction: moisture removal, main
depolymerization, and biochar formation [9]. Fast pyrolysis is considered one of
the most economical and highly efficient technologies to convert biomass and lignin
to bio-oil and high valuable chemical products [10].

Catalytic fast pyrolysis (CFP) is a further modification of fast pyrolysis directed
toward the production of hydrocarbon fuels. By pyrolyzing biomass in the presence
of a catalyst, it is possible to catalyze the direct production of aromatic hydrocar-
bons such as benzene, toluene, and xylenes [1, 3, 11-16].

Catalytic fast pyrolysis has several advantages over other biomass conversion
approaches. (1) All of the desired chemistry can occur in a single reactor using
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Figure 1.
Various products of fast pyrolysis of lignin.

inexpensive aluminosilicate catalysts. (2) Catalytic fast pyrolysis can be used to pro-
cess a range of different lignocellulosic feedstocks with only simple pretreatment
(drying and grinding, for example) prior to reaction. (3) The aromatics produced
through catalytic fast pyrolysis can readily be blended into the existing gasoline
infrastructure to reduce the use of crude oil [17].

Lignin is an aromatic and optically inactive amorphous heteropolymer, which
is often synthesized by free radical assisted peroxidase mediated dehydrogenation
of phenylpropanoid precursors, namely coniferyl alcohol, p-coumaryl alcohol, and
sinapyl alcohol, joined altogether via non-hydrolysable linkages. The ratios of these
three monolignols vary significantly among different plant species. For example,
coniferyl alcohol is abundant in soft wood lignin while hard wood lignin com-
prises both coniferyl and sinapyl alcohols; however, grass lignin contains all three
monolignols [18].

2. Factors that influence the pyrolysis process

The bio-oil yield from catalytic fast pyrolysis of lignin differs according to many
parameters including kind of the catalyst, reactor types, temperature and the rate of
heating, and reaction time, which can be 21 explained in following subdivisions.

2.1Kind of the catalyst

The catalyst throughout the pyrolysis process causes cracking reactions and
improves the quality of biomass pyrolysis products, relying on the operating condi-
tions. The catalyst kind and reactor design play a vital role in the production of
primary products during the pyrolysis process. Gaseous and liquid products can be
produced by the catalytic cracking of the primary pyrolysis vapors.

Oxygenated products can be reduced by utilizing zeolite-type catalysts [19].
Zeolite-type catalysts have been studied in the pyrolysis process of lignin. Jackson
et al. [20] studied the catalytic pyrolysis of lignin over KZSM-5, HZSM-5, solid
phosphoric acid, AI-MCM-41, and Co/Mo/AL,O;. Reaction over HZSM-5 gener-
ated aromatic compounds (46.7% simple aromatics and 46.2% naphthalenic ring
compounds), while reaction over AI-MCM-41 generated 17.3% simple aromatics,
13.5% naphthenic ring compounds, and 66.5% oxygenated aromatics. MCM-41 has
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its distinctive advantages. It is suitable for macromolecular catalytic reactions due
to its larger pore size; it can make adsorption and separation, and it decreases the
resistance of the molecular diffusion in pores.

As well, MCM-41 has a large specific surface area (up to 1000 m*/g), which
introduces enough sites on the surface for adsorption and catalytic reactions of reac-
tive components, and it produces comparatively low char products [10] (Figure 2).

Mesoporous zeolites catalysts are favorable to inhibit the repolymerization
reaction, this because the high surface area and regular pore structures [22, 23],
which makes mesoporous supports suitable for the catalytic upgrading of lignocel-
lulose [24]. Mullen and Boateng studied the pyrolysis process of four various lignin
sources over CoO/MoQ; and zeolite H-ZSMS catalysts. They found that the H-ZSM5
catalyst was more active to produce aromatic hydrocarbons from lignin [25]. Ma et al.
reported that H-USY has large enough pore size and the produced molecules during
the fast pyrolysis process of alkaline lignin were able to penetrate the pores of the zeo-
lite catalyst. The inside reaction could prevent the formation of char [26]. Thepparat
et al. compared the influence of NiMo/AlL,O; and mesostructured silica catalysts on
the depolymerization reaction of organosolv lignin extracted from woody eucalyp-
tus. They found that MCM-41 and SBA-15 produced the lowest char yield [27].

2.2 Reactor types

Reactors, where the pyrolysis process takes place, play an essential role in the yield
and composition of bio-oil produced from lignin pyrolysis; this is because it associates
with the rate of the heating of the system, method of heat transfer, residence time of
volatiles and conversion capacity of lignin. In the fast pyrolysis of lignin, the outside
heating pyrolysis reactors and internal heating pyrolysis reactors are used [28].

2.3 Exterior heating pyrolysis reactors
Fluidized reactor and Fixed-bed reactor are mostly utilized in the outside heat-

ing pyrolysis system, in which the heat transmits from the exterior surface to the
interior of the material. Fixed-bed reactor consists of a feeding unit, a gas flowing
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Catalytic fast pyrolysis using different mesoporous materials [21].

15



Recent Advances in Pyrolysis

unit, and a static bed (reaction bed), and a product exit was utilized in reactions
that took place between gas phase (gaseous reactants) and solid phase (catalyst
bed). Recently, Fixed-bed reactor has been widely used in the pyrolysis process
of lignin or biomass. Generally, the heater that supplies the energy for pyrolysis
of lignin is the electric furnace [20, 29]. The rate of heating is uneven and the
efficiency of heating is low; this is because the furnace is usually attached on the
periphery of the fixed bed. So, the yield of bio-oil is low and the end products are
less homogenous.

However, fixed bed is appropriate for the catalytic pyrolysis process. Catalytic
pyrolysis of lignin can produce High yield of aromatic compounds [30]. This
is because the primary products from catalytic pyrolysis of lignin necessarily
pass through the long catalytic bed (static bed), introducing more contacting
opportunity for pyrolysis vapors and catalyst. Fluidized-bed reactor supplies
more enormous heating for the pyrolysis process compared to fixed-bed reactor.
Fluidized-bed reactor is a chamber that facilitates the mixing of gas substrates or
liquid with solid particles acting as a fluid. The fluidization increases the mixing
and interaction among gas and particles, resulting in efficient heat transfer sym-
metric temperature, and superb reaction rate.

The pyrolysis process of lignin in fluidized-bed reactor produced higher yield of
bio-oil. In addition, the pyrolysis process of lignin in fluidized bed reactor produces
lower guaiacols compared to the pyrolysis process in fixed-bed reactor. Even though
the selectivity relies on diverse factors such as reaction conditions and the source of
lignin, the high heat transfer effectiveness of fluidized-bed also secures equal high
temperature during the pyrolysis process, which is contributory to demethoxyl-
ation reaction of lignin [31]. Anyhow, fluidized-bed reactor has some flaws for the
pyrolysis process of lignin. The highest temperature was noticed nearly in the upper
border of the bed [32] because of the continuous reaction of pyrolysis vapors in the
part, indicating that undesirable side reaction happens out of the fluidized bed and
in completed pyrolysis reaction in the cell of the fluidized bed, which could produce
more of undesirable by-products. So, it was noticed that the most desired products
were commonly gotten at the half length of the reactor [33].

2.4 Interior heating pyrolysis reactors

In fluidized bed and fixed reactors, furnace, catalyst, and hot gases are utilized
as heating media, which provide the energy to the substance from the exterior
surface to the interior center. These ineffectual traditional pyrolysis processes are
usually producing low yield of bio-oil with low quality. Nowadays, microwave
technology introduces unprecedented techniques for pyrolysis. Microwave radia-
tion produces energy as a result of the interaction among polar molecules present
in the material and electromagnetic field; the heat transmits from the interior to
the exterior surface of the substance [34]. Microwave-assisted pyrolysis indi-
cates high energy effectiveness and supplies identical interior heating. Pyrolysis
process by microwave produces uniform products due to the distinctive thermal
gradients [35].

Unlike traditional heating, microwave heating provides quick quenching of
pyrolysis vapors, which avoid the second decomposition reactions of the primary
products. Compared to pyrolysis by electric heating, the pyrolysis process by
microwave assists the production of phenolic compounds from lignin [36]. In addi-
tion, esters and hydrocarbons in bio-oil steeply rose compared to that gained from
electric-heating pyrolysis due to the formation of hot points formed by microwave
heating, which facilitates the conversion of guaiacols to gases such CO and H, [37].
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2.5 Temperature and the rate of heating

Temperature has a crucial effect in the catalytic fast pyrolysis of lignin. To
decease the secondary reactions of primary vapors which decline the yield and
quality of liquid products, a quick heating and cooling of primary vapors should
be used [38]. As well as, the slow heating rate produces high yield of char [39].
Temperature has a vital influence on the yield of char and its properties. High
temperatures lead to lower yield of char in all of pyrolysis reactions. The first
cause for this is the removing of many volatile substances from the char at high
temperatures, resulting in a decline in the char yield. For instance, the char yield
declines from 31 to 17% with a rise in the temperature from 638K to 879K [40].
Low temperatures lead to imperfect decomposition of biomass resulting in a high
quantity of unpyrolyzed solid materials in char content. Also, temperature has
an influence on the composition of the char, chars obtained at high temperatures
having high carbon content [41, 42]. At the temperatures higher than 773K,The
char contains more than 85wt% carbon [43]. The yield of Liquid products
increases by raising the pyrolysis temperatures up to an extreme value, at 673—
823 K, but it greatly relies on other operating factors. For a diverse of feedstock
sorts, it has been studied that the extreme yield of pyrolysis oil is produced at
temperatures of about 673-823 K with a constant decline in char yield and rise in
gas yield.

2.6 Effect of the reaction time

The time when the biomass was sustained at a specific pyrolysis temperature is
the reaction time. In batch systems, the reaction time must be adequate to achieve the
required result in the process. Secondary reactions of primary vapors can occur under
long reaction time such as carbonization, thermal cracking, and gasification that
lead low bio-oil yield [44, 45]. As well as, the reaction time is essential for the reactor
configuration step. Tsai et al. [45] studied the pyrolysis process of rice husk in fixed bed
reactor, they observed That, the bio-oil yield rose by rising the reaction time from 1 min
to 2 min. However, the yields after that were noticed to decline slightly at long holding
time.

2.7 Effect of lignin source

The source of lignin and method of isolation have a great impact on the
pyrolysis process and the distribution of pyrolysis products. Wang et al. [46]
studied the pyrolysis process of various four sorts of lignin, Klason lignin (KL),
alkali lignin (AL), milled wood lignin (MWL), and organosolv lignin (OL),
separated from the same pine wood, by TG-FTIR and Py-GC/MS as well as >C
NMR spectroscopy. The °C NMR indicated chemical structure of these sepa-
rated lignin’s is diverse. Ether bonds such as 8-O-4 have lower thermal stability
and can decompose readily at low temperatures. So, lignin’s containing more
ether bonds could show weaker thermal stability. Alkali lignin and milled wood
lignin, because they contain more £8-O-4 bonds in their structures, have a lower
temperature at maximum weight loss rate (346 and 359°C, respectively) than
OL (396°C) or KL (405°C). So, the pyrolysis process of AL and MWL produced
more phenolic compounds at lower temperatures. The predominate products in
pyrolysis of these softwood lignin’s are guaiacyl-type compounds due to shortage
of syringyl-type unit in the structure of softwood and the highest yield of phenol
was achieved at 600°C.
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Mullen and Boateng [25] studied the pyrolysis of lignin from four various
sources over an acidic zeolite (HZSM-5) and a mixed metal oxide catalyst (CoO/
MoO;). Even though two catalysts formed to be efficient catalysts for deoxygenation
reaction, enhancing the formation of aromatic hydrocarbons from lignin, the acidic
HZSM-5 was observed to be more active than CoO/MoOQ:s.

3. Deactivation of the catalysts

Phenolic compounds produced from Lignin pyrolysis are substantially adsorbed
on acidic sites of zeolite catalyst, and could behave as a coke precursor and produce
a great amount of coke [47]. A great amount of coke produced from catalytic fast
pyrolysis of lignin commonly leads to quick deactivation of zeolite catalysts, which
declines the carbon conversion effectiveness [48]. Ivanov et al. studied the deactiva-
tion of H-ZSMS5 zeolite by the formation of coke and the regeneration in the produc-
tion of phenol from nitrous oxide oxidation of the benzene [49]. They observed that
the main reason for the deactivating effect of coke is the poisoning of active sites.

A large content of coke requires to be removed for the regeneration of the catalytic
activity of the catalyst.

4. The role of mesoporous catalyst acidity and textural topology

There have been many recent studies on the role of mesoporous catalysts in fast
pyrolysis of lignin to aromatic compounds [20, 50-56].

In our previous publication [36] we studied the production of highly selective
BTX from catalytic fast pyrolysis of lignin over supported mesoporous silica. We
found that the yield of BTX rose from 17.0% in the case of MCM-48 to 32.5% in
the case of AI/MCM-48 (8.4%) and 49.4% in the case of Zr/MCM-48 (2.9%) due
to enhancing the acidity of the catalysts. Between the studied catalysts, Zr** loaded
onto MCM-48 was considered a favorable catalyst for lignin pyrolysis with high
activity and selectivity to BTX yield.

A .M. Elfadly et al [57] studied the Production of aromatic hydrocarbons
from catalytic pyrolysis of lignin over acid-activated bentonite clay. They
found that the catalytic fast pyrolysis of lignin over HCl-activated bentonite
(mainly montmorillonite) produced a diverse of aromatics such BTX, naph-
thalene, indenes, and alkyl benzene, with extraordinary selectivity toward
O&P-xylenes. The production of 0&p-xylenes was remarkably improved at a
temperature of about 550-650°C. Thus, it would be favorable to carry out the
catalytic pyrolysis over HCl-activated bentonite if O&P-xylenes are the required
products. They concluded that the enhanced activity of HCl-activated bentonite
is due to the improvement in the textural characteristics and strong Bronsted
acid sites resulted from acid treatment. H,SO4 and H;PO, treatments formed
an amorphous material and caused the destruction of the bentonite crystalline
structure. Thus, these substances showed inactivity in catalytic fast pyrolysis of
lignin.

Victoria B. F. Custodis et al [58] studied the Catalytic Fast Pyrolysis of
Lignin over High Surface Area Mesoporous Aluminosilicates, and they focused
on the influence of Acidity and Porosity. The results revealed that the acid sites
(mild Bronsted and stronger Lewis) are responsible for catalyzing the pyrolysis
intermediates to produce lower oxygenated phenolic compounds and aromatic
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hydrocarbons. MCM-41 in nano size produced a high yield and selectivity of
aromatic hydrocarbons. The two most important factors are diffusion, which

is affected by the pore and grain size, and the active site, which may be mod-
erately acidic by Lewis acid sites. Nanosized grains and moderate acidity are
important ingredients for a perfect catalyst for catalytic fast pyrolysis of lignin.
Nanosized Al- MCM-41(50) formed the highest quantity of aromatic hydrocar-
bons (containing naphthalenes) (peak area 80%) compared to all mesoporous
catalysts.

Lee et al. [59] studied the conversion of lignin over Al-MCM-48. AI-MCM-48
enhanced the production of light phenolic compounds extremely. The yields
of aromatics and hydrocarbons were also improved by catalytic upgrading.
Al-MCM-48 promoted the cracking, aromatization, and deoxygenation reac-
tions, like decarbonylation. The hydrocarbons yield increased with increasing
catalyst quantity to reach C/L = 1:5. This was due to the increased opportunity
of catalytic reactions to occur on the acidic sites of the catalyst, such as crack-
ing, decarboxylation, decarbonylation, and aromatization. Most produced
hydrocarbons were cyclic and aromatic compounds, such as BTX. This indicates
that phenolic compounds were transformed to cyclic and aromatic hydrocarbons
by catalytic deoxygenation and cracking over AI-MCM-48 catalyst. However,
the total quantity of aromatics and hydrocarbons was low compared to that
of phenolic compounds. This is due to the weak acid sites of AI-MCM-48. The
production of aromatics and hydrocarbons is enhanced over strong Bronsted
acid sites, which are not present on Al-MCM-48. Furthermore, Si-MCM-48,
which doesn’t contain acid sites, exhibited lower deoxygenation effectiveness
than AI-MCM-48.

Yi-Xin Chen et al [60] studied the arene production by W,C/MCM-41-catalyzed
upgrading of vapors from fast pyrolysis of lignin. The experiments were carried out
in a micro pyrolyzer-gas chromatography/mass spectrometer (P-GC/MS). A range
of W2C/MCM-41 catalysts with various catalyst loading quantities (Si/W) was
prepared, and the activity, selectivity, and the stability degree of the catalysts were
studied. They found that the catalyst with Si/W = 50:1 showed the best activity
and the highest arene yield. Also, the increase in the loading percent of catalyst can
enhance the cracking reaction of pyrolysis vapors. The mechanism of lignin fast
pyrolysis included dehydration, demethylation, and rearrangement reactions. They
concluded that MCM-41 catalysts have the best activity to catalyze the production
of monocyclic arenes from primary pyrolysis vapors. In addition, they showed
a high stability in catalytic fast pyrolysis of lignin. So, the modified mesoporous
MCM-41 catalysts with tungsten carbide are favorable catalysts in catalytic fast
pyrolysis of lignin.

Lee et al. [61] studied the catalytic fast pyrolysis of lignin over mesoporous
Y zeolite using Py-GC/MS. The catalytic fast pyrolysis of lignin was taking place
at 500°C using pyrolysis gas chromatography/mass spectrometry. Mesoporous
Y zeolite and mesoporous material, AI-MCM-41, were tested for the catalytic
fast pyrolysis of lignin. The noncatalytic pyrolysis of lignin produced phenolic
compounds as a main product; this is because lignin composition mainly includes
phenyl propane units. Catalytic upgrading of primary pyrolysis vapors increased
the yields of low-molecular-mass phenolic compounds, monocyclic aromatics, and
poly aromatic hydrocarbons (PAHs). The production of monocyclic aromatics and
PAHs was increased significantly when the more acidic mesoporousY zeolite was
utilized. In contrast, the yield of alkoxy phenolic compounds was greater when the
low acidic AI-MCM-41 was tested. Increasing mesoporous Y/lignin ratio showed
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a sharp increase in the yield of monocyclic aromatic compounds and PAHs; also,
the yield of light phenolics increased, but the yield of total phenolic compounds
declined.

Ming-hui Fan et al [62] studied the Catalytic Depolymerization of lignin
for the production of BTX. The conversion of lignin to benzene, toluene, and
xylenes (BTX) was tested over the HZSM-5 and MCM-22 catalysts; the HZSM-5
catalyst indicated the largest yield of BTX. They studied various reaction condi-
tions, involving temperature, the catalyst/lignin ratio, and the gas flow rate. The
carbon yield of BTX was nearly 25.3 C-mol% in the presence of HZSM-5 catalyst
at a temperature of 550°C, a flow of N, 300 cm’/min, and a catalyst/lignin ratio
of 2:1. HZSM-5 showed the best activity due to the mild acidity; in addition, the
small pore size are useful for cracking and the deoxygenation reactions of lignin.
Temperature has a high impact on the product distribution. The BTX selectivity
increased by raising the temperature, but high temperature may lead to the pro-
duction of olefins and alkanes due to a second cracking reaction. The BTX selec-
tivity is strongly associated with the catalyst/lignin ratio, and the optimum ratio
of catalyst to lignin was nearly 2:1. More increase of the catalyst/lignin ratio will
decline the BTX yield, which leads to an increase in the yield of gas products. They
observed that the reaction time should be carefully controlled to obtain high-yield
BTX. The production of BTX was performed through depolymerization of lignin
followed by the deoxygenation reaction.

The influence of various catalysts on the yield of aromatics during the fast
pyrolysis process of biomass is summarized in Table 1.

Based on these studies, high quality aromatic compounds will be produced by a
suitable choice of catalyst and reaction conditions.

Tang S et al. [64] studied the catalytic pyrolysis of lignin over hierarchical
HZSM-5 zeolites prepared by posttreatment with alkaline solutions. They observed
that the alkali treatment of HZSM-5 enhanced the catalytic activity of HZSM-5
zeolite for cracking of bulky oxygenates produced from lignin pyrolysis to form
aromatic hydrocarbons. The HZSM-5 zeolite treated with 0.3 mol/L NaOH was the
best choice for the catalytic fast pyrolysis of lignin for the production of aromatic
hydrocarbons.

Compared to the parent HZSM-5, alkali-treated HZSM-5 zeolite showed greater
selectivity to aromatic hydrocarbons by the catalytic fast pyrolysis of lignin. Some
of the silicon species from the zeolite structures are removed during alkali treat-
ment, forming new intracrystalline mesopores in the HZSM-5 grains, destroying a
portion of the crystalline structure, and reducing the density of strong acid sites,
which are the catalytic sites responsible for the conversion of oxygenated com-
pounds to aromatic hydrocarbons. Even though the density of strong acid sites in
zeolites is declined by alkali treatment, the effectiveness of transforming of bulky
oxygenates to aromatic hydrocarbons is improved.

Catalytic pyrolysis of lignin with red mud derived hierarchical porous catalyst
for the production of alkyl-phenols and hydrocarbons was studied by Wang et al.
[65]. They investigated the catalytic behavior of the synthetic ACRM catalyst in
the thermal decomposition of lignin. The prepared ACRM catalyst had a well-
structured hierarchical porosity, which could enhance the specific surface
area and the dispersion of acidic sites and active metal oxides. These enhanced
properties of the ACRM showed high catalytic activity during the catalytic
pyrolysis of lignin vapors. The catalyst increased the production of alkyl phenols
and aromatic hydrocarbons in bio-oil by about 74% at 550°C, due to promot-
ing the dehydroxylation, demethoxylation, demethylation, and alkylation
reactions [66].
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Catalyst Type of Used reactor Pyrolysis condition Yieldof Yieldof Ref
feed aromatics phenols
(BTX) (%)
(%)
Al-MCM-41(50) Alkaline  Quartzreactor with ~ C/L ratio = 4:1, temperature 80 15 [58]
lignin G’C/MS at 650°C in a helium
atmosphere at a heating rate
of 20 cm s7}, and reaction
time =20 1.
Al-MSU-J (50)2  Alkaline  Quartzreactor with ~ C/L ratio = 4:1, temperature 53 25 [58]
lignin GC/MS at 650°C in a helium
atmosphere at a heating rate
of 20 cm s7}, and reaction
time = 20 s.
Al-SBA-15(50)-2 Alkaline  Quartzreactor with ~ C/L ratio = 4:1, temperature 57 22 [58]
lignin GC/MS at 650°C in a helium
atmosphere at a heating rate
of 20 cm s}, and reaction
time =20 s.
AB(HCI) Alkaline Inadown-flow fixed- At temperature 650°C, flow 18 2 [57]
lignin bed quartzreactor  of N2 = 75 ml/min and C/L
ratio 3:1.
Al-MCM-48 Lignin Py-GC/MS Pyrolysis performed 3.82 1117 [59]
powder at 500°C, lignin/
(kraft, Al-MCM-48 =1/5.
alkali)
W,C/ MCM-41 Alkaline  Micro pyrolyzer-gas  Reaction conditions: 750°C, 14.22 0.67 [60]
lignin chromatography/ 20, C/L = 10:1.
mass spectrometer
(P-GC/MS)
Sulfur- Flow system Pyrolysis performed at 253 3 [62]
free T = 550°C, f(N2) = 300 cm’/
lignin min, and a catalyst/lignin
from ratio of 2.
wheat
straw
MCM-22 Sulfur- Flow system Pyrolysis performed at 19 35 [63]
free T = 550°C, f(N2) = 300 cm®/
lignin min, and a catalyst/lignin
from ratio of 2:1.
wheat
straw
MCM-48 Alkaline Fixed-bed quartz Pyrolysis performed at 17 112 [21]
lignin reactor system T = 600°C, f (N2) =25 ml/
min, and a catalyst/lignin
ratio of 3:1.
Al/MCM-48 Alkaline Fixed-bed quartz Pyrolysis performed at 325 5.6 [21]
lignin reactor system T =550°C, f (N2) =25 ml/
min, and a catalyst/lignin
ratio of 3:1.
Zr/MCM-48 Alkaline Fixed-bed quartz Pyrolysis performed at 494 109  [21]
lignin reactor system T =550°C, f (N2) =25 ml/
min, and a catalyst/lignin
ratio of 2:1.
Table 1.

Influence of various catalysts on the yield of aromatics during the fast pyvolysis process of biomass.
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Chapter 3

Influence of Process Parameters on
Synthesis of Biochar by Pyrolysis
of Biomass: An Alternative Source
of Energy

Krishna Yadav and Sheeja Jagadevan

Abstract

Organic matter derived from plants and animals are known as biomass. It has
a great potential to be used as an alternate source of energy by employing ther-
mochemical conversion techniques. Among the available techniques, pyrolysis is
considered to be the most efficient technique used for the conversion of biomass-
based waste into value-added solid, liquid and gaseous products through heating
in an oxygen-limited environment. Biochar (solid fuel) is a carbonaceous material
and has multiple applications in various fields such as soil health, climate stability,
water resource, energy efficiency and conservation. The yield of biochar depends
on organic constituents of biomass and the pyrolytic process parameters such as
temperature, time, heating rate, purging gas, particle size, catalyst, flow rate,
pressure and types of pyrolysis reactors. Suitable conditions for biochar produc-
tion were observed to be slow pyrolysis, low carrier gas flow rate, acid-catalysed
biomass or biomass mixed with some inorganic salts, low heating rate, large particle
size, high pressure, longer residence time, low temperature, feedstocks with high
lignin content and pyrolysis reactors with lower bed height. Thermal conversion of
biomass could be a possible sustainable alternative to provide economically viable,
clean and eco-friendly solid fuel.

Keywords: biomass, biochar, process parameters, pyrolysis, solid fuel

1. Introduction

Biomass refers to organic materials derived from plants and animals and is one
of the natural sources of renewable energy. Organic materials present in biomass
are the most abundant bio-resource that plays a key role in carbon sequestration by
capturing carbon dioxide from the atmosphere through the process of photosynthe-
sis, thereby reducing the greenhouse gases (GHGs). Biomass has a direct effect on
energy, environment and economy (3E) of any country [1]. In developing countries
such as India, the contribution of biomass towards societal transformations and
environment is immense as people are generally directly associated with different
forms of biomass. These forms of biomass may vary from forestry, small plants,
trees (woody plants), organic wastes, domestic wastes and agricultural wastes.
Biomass can be employed as a renewable substitute of fossil fuels because it serves
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as the precursor of fossil feedstock [2]. Biomass can produce all three types of fuel,
namely, solid, liquid and gaseous fuel [3]. The characteristics of biomass-derived
fuel depend on several biological and thermochemical processes, and the pathway
for their conversion from biomass to bioenergy is illustrated in Figure 1.

Biological processes such as fermentation and anaerobic digestion and thermo-
chemical processes such as gasification, pyrolysis and liquefaction greatly influence
the fuel characteristics. Out of these processes, pyrolysis is considered as the most
popular and suitable method due to its lower consumption of resources and higher
energy recovery [4]. Pyrolysis of biomass is a complex process in which raw biomass
undergoes thermochemical conversion under oxygen-limited conditions, result-
ing in different products (solid, liquid and gaseous). The reaction mechanism for
pyrolysis process can be summarised in three successive steps as given below [5].

Step 1: Raw biomass — moisture + unreactive residues
Step 2: Unreactive residues — (volatile + gas); + primary biochar
Step 3: Primary biochar — (volatile + gas)y + secondary biochar

In the initial step, moisture is lost and the second step leads to the synthesis of
primary biochar. The rate-determining final step which involves decomposition
of primary biochar at very slow rate results in the production of carbon-rich solid
residue, i.e., secondary biochar along with volatiles and gases. According to the
International Biochar Initiative (http://www.biochar-international.org/biochar),
biochar can be defined as ‘a solid material obtained from the carbonisation of bio-
mass. The primary constituent of biochar is carbon, followed by hydrogen, oxygen,
ash content and trace amounts of nitrogen and sulphur. The elemental compositions
of biochar generally changes with the nature of feedstock and pyrolytic conditions
such as carrier gas flow rate, catalyst, heating rate, pressure, reactor bed height,
particle size, residence time and temperature [3, 6-9].

Owing to its intrinsic properties such as large surface area, porosity and surface
functionality, biochar has wide application in several fields. It can be used asa
precursor of activated carbon or can be used as an adsorbent for the removal of
various contaminants of water and wastewater. Biochar can also be used for soil
amendments and carbon sequestration, solvent recovery, vehicle exhaust emission
control and separation and purification of air [1]. In addition, high heating value
and low emissions make biochar as the most suitable substitute for solid fossil
fuels. With advancement in technologies, the production of renewable energy has
increased from 18% in 2006 to 29% in 2018 [3]. Most countries such as Australia,
Finland, Germany, the United Kingdom and Turkey are reducing the generation
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Figure 1.
Schematic pathway for conversion of biomass to bioenergy.
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of electricity by thermal power plants and are encouraging generation of biomass-
based electricity [10]. The primary focus of this book chapter is to delve deeper into
the process parameters and know how these factors affect the characteristics of

biochar produced through pyrolysis.

2. Source of biomass

Biomass can be classified based on their origin and constituents. The origin
of biomass can be natural or anthropogenic (derived from processing of natural
biomass), whereas the constituents of biomass may vary in terms of the polymeric
structure of organic and inorganic molecules. Biomass may also be classified on
the basis of their place of origin such as agricultural, animal waste, aquatic, human
waste, industrial waste and woody biomass. Of these, woody biomass is abundantly
found in nature, in forest area, and consists of bark, branch, chips of different trees,
lumps and stem. Agricultural biomass consists of several crops, herbs and shrubs,
and these biomasses ranked second in terms of abundance after woody biomass.
Most countries around the world are dependent on woody and agricultural biomass
for energy generation. Aquatic biomass consists of aquatic plants such as algae, blue
green algae, fungi, phytoplanktons, zooplanktons and different kind of microbes.
Biomass derived from humans, animal and industrial wastes includes manure from
livestock; food waste generated from restaurants; waste generated from fruit indus-
tries; waste generated from paper, pulp and plastic industries and others. Energy is
not only being generated and transformed into useful energy when such biomass is
processed, but it also takes care of processing and handling of waste materials to a
large extent.

3. Conversion techniques

It is very essential to select an appropriate technology for the extraction of
energy from biomass to form a value-added product. The conversion of biomass
may be achieved by two processes, namely, (i) biochemical process or (ii) thermo-
chemical process. Biochemical and thermochemical processes make use of micro-
organisms and heat, respectively, to generate energy from biomass. Generation of
value-added product is very less in quantity in the biochemical conversion pro-
cesses. Nevertheless, this is a cost-effective and eco-friendly method and entails less
production of toxic gases. Owing to the aforementioned limitations, thermochemi-
cal conversion process is a popular method and is further classified into combus-
tion, gasification and pyrolysis.

3.1 Combustion

Combustion is considered as one of the most suitable and primitive technologies
for conversion of biomass [11]. This conversion process involves a number of reac-
tions which takes place during burning of biomass under oxygenated conditions
at temperatures in the range of 800-1000°C. The biomass taken for the reaction
should typically contain moisture <60% [11]. The contact between oxygen present
in air and biomass determines the efficiency of the process. The efficiency can be
further improved by pretreatment methods, which may enhance the total cost for
the process. But the enhanced cost can be compensated by the improved process
efficiency. As a result of combustion processes, various gaseous and solid products
such as CO,, H,O, smoke, ash content and tar are produced.
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3.2 Gasification

Gasification involves thermochemical conversion of carbonaceous materials
into gaseous products with the help of various gaseous agents such as air, carbon
dioxide, nitrogen, oxygen and mixture of gases. It is a partial oxidation occurring at
elevated temperatures of 800-900°C. The primary goal of such processes is the pro-
duction of gaseous products such as carbon monoxide, carbon dioxide, hydrogen
and nitrogen. Solid (biochar and ash content) and liquid (bio-oil and tar) products
are also produced. Biochar yield obtained during gasification is only 5-10% of
raw biomass (dry basis), which is relatively lower than the yield obtained during
fast pyrolysis. The composition and the heating value of the carbon and gaseous
products depend upon the gaseous agents and feedstock employed. When air was
employed as a gaseous medium, the syngas obtained had low heating value (4-7 MJ/
Nm?), when compared to steam as a gaseous medium (heating value of syngas
varied between 10 and 15 MJ/Nm?) [12]. The O/C ratio could be used as an indicator
for determining the efficiency of the gasification process. Biomass having low O/C
ratio will definitely have greater efficiency in the gasification process. In order to
reduce the O/C ratio of raw feedstocks, a pretreatment step, namely, torrefaction
is necessitated. Torrefaction is a thermochemical conversion process taking place
at low temperature (250-280°C) and low heating rate. The product of torrefac-
tion is brown/black colour, possessing little strength. Torrefaction enhances the
energy density and hydrophobicity and reduces the weight and hydrophilic nature
of biomass, thereby improving the calorific value and making the process com-
mercially feasible for energy generation. Antal and Grenli [13] have reported that
the wood yield and energy yield increased by 67-84 and ~77-90%, respectively.
Similarly, retification of wood biomass also occurs at a lower range of temperature
(~230-250°C), and the produced material is of reddish-brown or chocolate colour.
Typically, these two processes (torrefaction and retification) demonstrated better
resistance against biological attack and water loss to some extent [14].

3.3 Pyrolysis

Pyrolysis is thermal decomposition of biomass in the absence of oxygen or under
oxygen-limited conditions. An oxygen-limited condition ensures that combustion of
biomass does not take place. One of the primitive methods to obtain biochar is pyrolysis,
which covers a wide range of thermal decomposition, thus making it very difficult to
accurately define ‘pyrolysis’ Based on literature survey, it could be understood that in
the past scientists considered pyrolysis to be equivalent to carbonisation, wherein char-
coal (solid) was the primary product. It is now well-known that pyrolysis is a process in
which liquid (bio-oils) is the preferred product along with solid (char) and gas (syn-
gas). These liquid products along with the solids depend on the operational conditions
[15]. Generally, the process of pyrolysis occurs in two stages, i.e., primary stage and
secondary stage. In the primary stage, dehydration, decarboxylation and dehydrogena-
tion take place, whereas in secondary stages thermal cracking of high-molecular-weight
compounds occurs, resulting in char and gaseous products such as CH,, CO and CO,
[3]. Based on the operational parameters, pyrolysis can be further subclassified into
slow pyrolysis, fast pyrolysis, flash pyrolysis and intermediate pyrolysis.

3.3.1 Slow pyrolysis
Slow pyrolysis, also called as conventional pyrolysis, is an ancient technique

employed for the conversion of biomass to charcoal. In this process, biomass is
heated slowly (0.6-6.0°C/min) for longer residence times (5-30 min) at nearly
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Process Process Residence Solid Carbon Carbon References
temperature time product content yield
(°C) yield of the (mass
(mass %) solid carbon
product product/
(mass mass
%) carbon
feedstock)
Slow ~400 Min. to ~30 95 ~0.58 [16]
pyrolysis days
Fast pyrolysis ~500-1000 ~1s 12-26 74 0.2-0.26 [13,17]
Gasification ~800 ~10-20 s ~10 — — [16]
Flash ~300-600 <30 min 37 ~85 ~0.65 [13]
carbonisation
Torrefaction ~290 10-60 min 61-84 51-55 0.67-0.85 [16]
Table 1.

Comparison of typical operational conditions and product properties associated with various processes for
biochar production.

500°C. During slow pyrolysis, the production of solid (biochar) is found to be
maximum when compared to liquid and gaseous products. The lower heating rate
and higher vapour residence times enable the process to complete the secondary
reactions. However, the vapours produced during the reactions of slow pyrolysis do
not escape unlike fast pyrolysis [15].

3.3.2 Fast pyrolysis

Fast pyrolysis can be fundamentally differentiated from slow pyrolysis. Fast
pyrolysis requires smaller-sized biomass (1-2 mm) having moisture content <10%,
increased temperature (500-1000°C) and heating in very short span of time (1-5s).
Generally, fast pyrolysis favours liquid (bio-oil) production which contributes to
60-75% as compared to char (15-25%) and noncondensable gases (10-20%). The
high temperature and minimum residence time during fast pyrolysis enable thermal
cracking of biomass, resulting in char formation [15]. In addition, the high heat-
ing rate induces thermal conversion of raw biomass into liquid product before the
formation of biochar [3].

Owing to its wide applicability, pyrolysis is considered as one of the most
suitable techniques amongst existing technologies for conversion of biomass into
value-added products. The peculiarity of this technique is its inherent flexibility,
and more importantly it works based on desired products. Slow pyrolysis is recom-
mended for higher biochar yield, whereas fast pyrolysis is the preferred choice for
higher yield of bio-oil (Table 1). The characteristics associated with products of
pyrolysis could be changed by varying the operational parameters. The higher cost
required for pyrolysis could be compensated by setting up larger pyrolysis plants.

4. Effects of process parameters on yield of pyrolytic products
Pyrolysis is generally performed to enhance the yield of the pyrolytic products,
and hence it is very essential to discuss the effect of process parameters on the

production of biochar. Pyrolytic conditions can markedly affect the quantitative
characteristics of the pyrolysed products.

33



Recent Advances in Pyrolysis

4.1 Effect of carrier gas flow rate

In pyrolysis, the carrier gas flow rate influences the yield of products by affect-
ing the generation of vapours during pyrolysis. If these vapours are not purged
out, then they may take part in secondary reactions which definitely affects the
composition and nature of pyrolysis products. There are several purging agents
available such as nitrogen, argon, steam and carbon dioxide, but nitrogen is the
most popular owing to its cost-effectiveness, easy availability and inert behaviour.
Increase in flow rate of nitrogen from 1.2-4.5 to 50-400 mL/min led to a decrease in
the biochar yield of 24.4-22.6 and 28.48-27.21%), respectively [18].

4.2 Effect of catalysts

The distribution of pyrolytic products can be affected by the presence of cata-
lysts. Based on the catalytic effects, catalysts may be classified as primary and sec-
ondary catalysts. Primary catalysts are generally mixed prior to pyrolysis either in
the dry mode or wet mode, while secondary catalysts are placed into the secondary
chamber downstream to primary chamber where pyrolysis is taking place. Several
catalysts such as alumina, AI-MCM-41, oxides of magnesium, oxides of nickel and
ZSM-5 showed positive effects on the yield of biochar [19]. The yield of liquid (tar)
and gaseous product reduces after mixing of inorganic salt to the biomass, whereas
increase in the yield of solid products was observed [20]. Additionally, the yield
of biochar was found to be increased after acid and base modification of biomass.
Biomass catalysed with ZSM-5 demonstrated higher biochar yield than biomass
modified with alumina oxide and sodium carbonate [21]. In contrary to this, some
studies showed that ZSM-5 was responsible for the reduction in biochar yield,
which was in accordance with the results obtained by Zhang et al. [22].

4.3 Effect of heating rate

The rate of change of heat during pyrolysis can affect the distribution of solid,
liquid and gaseous products. Secondary stages of pyrolysis and thermal cracking
are lacking at lower heating rates which favours the production of char. At higher
heating rate, fragmentation of biomass takes place which is responsible for a higher
yield of liquid and gaseous products. During pyrolysis of feedstocks such as leaves
of Ferula orientalis, seed of safflower and leaves of Carthamus tinctorius, a decre-
ment in the yield of biochar was observed as temperature was increased from 400
to 500°C along with a concurrent increase in the heating rate from 30 to 50°C/min
[23, 24]. Production of bio-oil is also found to be affected by changing the heating
rate. At increased heating rate from 500 to 700°C/min, 8% increment in the pro-
duction of bio-oil from sawdust was observed, while there was no change observed
when heating rate was increased from 700 to 1000°C/min [25]. Similar results were
also observed from the biomass of cottonseed cake when it underwent pyrolysis,
and heating rate was increased from 5 to 300°C/min; an increase (9%) in produc-
tion of bio-oil was observed. However no change in yield of bio-oil was observed
on further increase of heating rate from 300 to 700°C/min [26]. Interestingly, a
reduction in the oxygen content was observed as a result of high heating rate during
pyrolysis [27].

4.4 Effect of pressure

Pyrolysis carried out under increased pressure is also known to affect
the yield of biochar. When the pressure inside the reactor is higher than the
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atmospheric pressure, the yield of biochar gets enhanced [28]. High pressure

is responsible for increasing the residence times due to which volatile matter is
added to the carbonaceous material, thus resulting in high yield of biochar [29].
The volatile matter produced during pyrolysis is responsible for the generation
of liquid and gaseous products as discussed in fast pyrolysis. This could be used
for high biochar production either by increasing the pressure or decreasing the
heating rate [29]. The concentration of carbon is also found to be enhanced by
increasing pressure, which ultimately enhances the energy density of the pro-
duced biochar [13].

4.5 Effect of particle size

Biomass, being a poor conductor of heat, may create difficulties in the transfer
of heat during pyrolysis. To negate this effect, particle size should be taken into
consideration. As the particle size increases, the distance between the surface of
biomass and the core end also increases which retards the flow of heat, resulting
in high yield of solid biochar [30]. Longer-sized biomass particles were found to
be responsible for reduction in the yield of liquid products due to occurrence of
secondary reactions at temperatures higher than 527°C [31]. During pyrolysis, as
the particle size increased from 17 to 20 mm, the water content also increased from
40 to 55% with a corresponding decrease in the carbon content of solid biochar
from 78.5 to 75% [32].

The yield of biochar is also influenced by the shape of the particles. Slab-shaped
and cylindrical-shaped biomass favours higher yield of biochar, whereas spherical
shape favours lesser yield of biochar [33]. Some studies showed that the rate of
heat and mass transfer was found to be slower with particles of spherical nature. In
addition, the orientation of particles also plays an important role in explaining the
pyrolytic behaviour of biomass. The permeability of flow along the particles was
reported to be 10,000 times higher than that across the particles, although thermal
conductivity along the particles was found to be two times higher than across the
particles [34]. Heating of the perpendicular-oriented particles increased the yield
of biochar and gaseous products but decreased the tar yield.

4.6 Effect of residence time

The residence time between volatile matter generated during pyrolysis and the
hot biochar affects the yield of biochar. Longer residence time provides a greater
chance for repolymerisation of the constituents of biomass, thereby enhancing
the yield of biochar, while lower residence time decreases the yield of biochar.
Popular wood and yellow brown coal biomass which underwent pyrolysis for longer
residence times yielded higher biochar [35, 36]. Pyrolysis of sorghum bagasse at
optimum temperatures of 525°C resulted in an increase in biochar and gaseous
yield with corresponding decrease in bio-oil production (75-57%) on increasing the
residence time from 0.2 to 0.9 s [37].

On contrary to the aforementioned results, some studies showed that residence
time not only affects the biochar yield, but they also greatly influence the com-
position and quality of gaseous and liquid products. The porosity of biochar also
increases due to higher residence time [38]. Fassinou et al. [39] showed an interac-
tive effect of temperature and residence time, wherein increased temperature and
residence times resulted in increase in the biochar yield, whereas lower temperature
and increase in contact time reduced the yield of biochar. It is therefore difficult to
make direct inferences regarding the relation between the production of biochar
and the residence times.
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4.7 Effect of temperature

Pyrolytic temperature is negatively correlated with the biochar yield. As the
temperature increases, thermal cracking of high-molecular-weight hydrocarbons
present in biomass increases which further increases the production of liquid and
gaseous products, but the biochar yield decreases. Pyrolysis of biomass (hazelnut
shell and sesame stalk) occurring at temperatures between 400 and 700°C resulted
in decrease in yield of biochar by 10% for hazelnut shell and 17% for sesame stalk
[40-42]. On increasing temperature from 365 to 606°C, a corresponding decrease
in biochar yield from 31 to 17% was observed [33]. While at lower temperatures, the
yield of biochar was found to be high, probably due to the partial decomposition of
biomass.

The composition of biochar also gets affected by varying the temperature in
which carbon content was found to be more than 85% (by dry wt.) in biochar
synthesised at 500°C [32]. As temperature increases, the calorific value of produced
biochar also increases [14]. The production of liquid during pyrolysis was found to
be maximum as temperatures increased from 400 to 600°C. Additionally, above
this range of temperature, the decomposition of vapours produced as a result of
secondary reactions become more active which decreases the yield of liquid prod-
ucts [33]. The optimum yield of bio-oil in terms of calorific values and H/C ratio
was achieved at pyrolytic temperature of 500°C [43]. However, these characteristics
greatly depend on other parameters too. Pyrolysis occurring at temperatures
>500°C increases the higher heating value of noncondensable gases such as carbon
monoxide and methane [44].

4.8 Effect of compositions of biomass

The biomass constituents also affect the nature and composition of pyrolytic
products. Several studies have reported biomass to be made up of cellulose, hemi-
cellulose and lignin, which influence the nature of products of thermochemical
processes. The production of biochar from lignin-based biomass is the result of
breaking of weak bonds [45]. Some studies showed that the rate of lignin degrada-
tion depend upon the amount of lignin present in the respective biomass. The place
of origin of biomass also greatly affects the production of char. Biomass obtained
coniferous feedstocks are capable of producing more and stable biochar than decidu-
ous lignin [46]. At lower temperatures, cellulose degradation leads to the formation
of a more stable anhydrocellulose thereby resulting in a higher biochar yield. While
at higher temperatures, cellulose is converted into more volatile compounds [47].
Furthermore, biomass rich in cellulose and hemicellulose are easily converted into
a mixture of liquid products. However, lignin-rich biomass is responsible for the
generation of solid product such as biochar [48]. As cellulose content in biomass
increases, there is corresponding enhancement in the gaseous products, but yield of
tar and char decreases. Additionally, structural differences in biomass content could
lead to the compositional changes in pyrolytic products. The presence of moisture
content in biomass will also affect the pyrolysis products. Studies suggested that
biomass having moisture content more than 30% are not suitable for pyrolysis [1].
Biomass with low moisture content favours biochar production [49], while those
loaded with high moisture content favours bio-oil production [50, 51].

4.9 Effect of reactor configuration

The thermal behaviour of various biomass has been studied with different types
of pyrolysis reactors (Figure 2). The most exciting factor which influences the yield
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Figure 2.
Different types of pyrolysis reactor.

of pyrolytic product is the transfer of heat from the reactor to biomass particles. The
transfer of heat could take place either through solid-solid mode or gas-solid mode.
In the case of fixed bed reactors, solid-solid mode of heat transfer is favoured,

while in the case of moving bed reactors, the dominating mode of heat transfer is a
combination of conduction and convection [52].

The height of these bed reactors is also an important factor which influences the
yield of pyrolytic products. The yield of biochar in both reactors remains the same,
but the yield of liquid and gaseous products differs [53]. As the bed height of the
reactor increases from 5 to 10 cm, reduction in the biochar yield was observed from
28.48 t0 25.04% [54], while further increment in bed height results in an increase
in biochar yield [22]. Higher bed height is responsible for longer vapour residence
time, due to repolymerisation of biomass particles which increases the biochar
yield, but an opposite effect was observed in the case of smaller bed height reactors
due to less time available for repolymerisation of volatile matters.

5. Application of biochar

Biomass is a renewable substitute and precursor of fossil fuels which could
be converted into different forms of valuable products. Out of these, biochar is
considered as the most important product due to its intrinsic properties. Biochar
has wide application in different fields such as soil, air, water and energy. In order
to know the full potential of applications of biochar, it is imperative to conduct
process optimization alongside minimal energy inputs and costs associated with
wide applicability of the by-products at larger scales.

6. Summary and future prospects

Pyrolysis is a thermochemical conversion process in which biomass is converted
into a valuable product, i.e., biochar. Synthesis of biochar depends on various
process parameters such as carrier gas, catalyst, heating rate, particle size, pressure,
flow rate, residence time, temperature, composition of feedstocks and types of
pyrolysis reactors. Feedstocks having high cellulose content will favour tar forma-
tion, and biomass with high lignin content favours biochar formation. Suitable con-
ditions for biochar production were observed to be slow pyrolysis, low carrier gas
flow rate, acid-catalysed biomass or biomass mixed with some inorganic salts, low
heating rate, large particle size, high pressure, longer residence time, low tempera-
ture, the nature of feedstocks and lower reactor bed height. Further studies need to
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be done in order to incorporate the interactive effects of these process parameters
by employing different statistical tools.
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Abstract

Biomass feed comes in many varieties, but have common chief constituents of
hemicellulose, cellulose, and lignin. As the relative proportions of these constituents
may vary, customization of the pyrolysis process conditions is required to produce a
desired product profile. By recognizing the sources of variation, the reactor settings
may be intelligently controlled, to achieve optimal operation. These considerations
include biomass classification, feed rate, moisture content, particle size, and inter-
particle thermal gradients (which arise during pyrolysis based on heating rate and
temperature distribution). This chapter addresses the optimization of product
profiles during biomass pyrolysis from a modeling perspective. Fundamental
models for packed bed and fluidized bed pyrolyzers are developed, using kinetics
from existing literature. The proposed optimization approach (inclusive of the
kinetic and process models) can guide practical achievement of desired product
profiles of the biomass pyrolysis process.

Keywords: biomass pyrolysis, product profiles, kinetics, modeling and
optimization

1. Introduction

The chief constituents of any biomass are hemicellulose, cellulose, lignin and
inerts [1]. The amounts of the chief constituents of various biomasses along with the
elemental compositions are presented in Table 1. Generally, pyrolysis is a process
where biomass or other carbonaceous material is heated in the absence of air supply
or in the presence of inert gas supply such as nitrogen. During the biomass pyroly-
sis, the bonds between high molecular compounds are broken and low molecular
weight compounds are formed. The range of pyrolysis products are gases, liquids,
char, and ash. The ash is the inert material present in biomass. The fractions of these
products depend on composition of biomass and process conditions such as heating
rate, biomass feed rate, particle size, moisture content, and the rate of heat transfer.
The rate of heat transfer depends greatly on mixing conditions in the pyrolyzers.

Table 1 provides the chief constituents of biomass in wt% on dry and ash free
basis along with the elemental composition for various biomasses. These chief
constituents will vary depending on the type, location, and age of the plant. The
error in values reported in Table 1 is 2-5%. The wt% of hemicellulose varies from
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Type of biomass Biomass constituents Elemental composition Ref.#

HEMI' CEL’ LIG C H(®) N(%) S(%) O

(%) (%) (%) (%) (%)
Rice husk 19.1 44.6 36.3 39.8 5.7 0.5 0.2 39.8 [2]
Cotton stalk 23.5 48.2 28.4 46.8 6.4 0.3 0.2 46.8 [2]
Rice straw 28.5 54.5 17.0 38.8 6.7 0.2 0.2 38.8 [2]
Wheat straw 25.5 49.3 25.2 41.7 5 0.4 0.3 41.7 [2]
Corn stalk 52.9 28.0 19.1 43.8 5.7 0.9 0.1 48.9 [3]
Corn cob 35.4 47.0 17.7 43.6 5.8 0.7 13 48.6 [3]
Elephant grass 34.3 315 342 445 54 1.4 — 31.8 [3]
Hazelnut shell 17.4 25.4 57.2 52.3 6.5 52 9.2 26.8 [3]
Sugarcane 331 42.7 24.2 451  6.05 0.3 — 427 [3]
bagasse
Switch grass 51.6 323 16.1 44.7 5.7 0.3 — 49.1 [4]
Hazelnut husk 22.8 38.2 38.9 42.6 5.5 1.1 0.1 50.6 [5]
Walnut shell 25.4 235 51.1 47.5 6.3 0.4 — 45.6 [6]
Pinewood waste 28.4 43.0 28.5 49.3 6 0.04 — 445 [7]
Apple pomace 27.8 47.5 24.7 47.9 6.6 0.7 — 37.4 [8]
Chestnut shells 23.3 32.6 44.0 48.1 5.4 0.6 — 45.7 [9]
Cherry stones 28.0 28.1 439 51.1 7.2 3 — 38.6 [9]
Grape seeds 29 16.9 60.2 51.5 6.3 1.7 — 40.3 [9]
P. juliflora 18.8 51.6 29.6 433 632 1.3 0.07 48.9 [10]
Cashew nut shells 18.6 41.3 40.1 58.3 7 0.7 0.06 32 [3,11]
Coconut shell 279 40.3 31.9 53.9 57 0.1 0.02 39.4 [3,11]
Cagon grass 28.8 50.9 20.4 44.3 5.6 0.8 0.09 49.0 [12]
Karanja fruit Hull 48.4 12.0 39.6 451 6.1 — 0.36 48.4 [13]
Cotton stalk 23.5 48.2 28.4 46.8 6.4 0.3 0.2 46.8 [2]
Hibiscus rosa 19.1 44.6 36.3 40- 47- 08— 0.04- 34— [14,15]
sinensis 43 6.0 4.9 0.7 38
Nerium oleander 23.5 48.2 28.4 44 6.7 0.5- 0.04- 30- [14,16]

1.2 0.2 35

*HEMI, hemicellulose; CEL, cellulose; LIG, lignin.

Table 1.
Different biomasses, their constituents and elemental analysis.

17.4 to 52.9, the wt% of cellulose varies from 12 to 54.5% and the wt% of lignin
varies from 16.1 to 60.2.

As shown in Table 1, there is significant variation across different biomasses.
Thus, products resulting from biomass pyrolysis will also vary widely, and hence, it
will be difficult to control the product profiles if enough attention is not paid to
these chief constituents along with the biomass processing conditions.

This book chapter considers packed bed and fluidized bed pyrolyzers, which
vary significantly in their heat transfer capabilities because of the mixing condi-
tions. Section 2 of the chapter describes different pyrolysis processes and their
associated product profiles. In view of their importance in pyrolysis, the reaction
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kinetics are provided in Section 3. These kinetic parameters are obtained from a
combination of prior published work and the authors’ experimental data, based on
thermogravimetric analysis (TGA) and lumped parameter models. Section 4 deals
with the modeling of continuous packed bed and fluidized bed pyrolyzers,
accounting for the variation in product profiles due to variation in feed and operat-
ing parameters. Section 5 introduces the optimization of product profiles for these
two types of pyrolyzers under continuous operation.

2. Different pyrolysis processes

The primary products of the pyrolysis are gas, oil, char and water. The ratios of
these products depend on parameters such as particle size, heating rate, degradation
temperature, and feed rate of the material [14, 17-22]. The different pyrolysis
processes are flash/fast pyrolysis, intermediate pyrolysis, and slow pyrolysis [1, 17,
20, 23-25]. The pyrolysis process is classified based on the heating rate as well as the
degradation temperature of biomass. The operating parameters of different pyroly-
sis processes are given in Figure 1.

2.1 Flash/fast pyrolysis

Flash/fast pyrolysis is performed with very high heating rates (~1000 K/s) for
less than a second. Since, the entire biomass particles are required to be heated for a
very short time, only particles of very small size (<1 mm) can be pyrolyzed using
this method. Because of small particle size and very short residence times, the
thermal gradients within the particles are small, and hence, there is low product
variation. This method is preferable if the number of components in the product
stream is required to be low. With most of the biomasses during fast pyrolysis, the
products are usually non-condensable gases.

2.2 Medium/intermediate pyrolysis

Intermediate pyrolysis is performed at medium heating rates. This kind of
pyrolysis is preferred for biomass in the particle size range of 1-5 mm. During the
intermediate pyrolysis, there are huge thermal gradients within the particle itself.
Hence, intermediate pyrolysis is preferred when different products are required
from the same biomass. Further, this type of reactor does not require a separate unit
for product separation, especially, oil and water.

Figure 1.
Different types of pyrolysis and their operating conditions.
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2.3 Slow pyrolysis

Slow pyrolysis is performed at very low heating rates ~0.1 K/s. The particle size
during slow pyrolysis is between 2 and 10 mm. Slow pyrolysis is preferred if the
charring characteristic of biomass is very high [4]. This is also the preferred type of
pyrolysis when the residence time required during the pyrolysis is high.

Because of variations in the feed and the pyrolysis process, the thermal gradients
are very high. Due to these thermal gradients within the particle and in the reactor,
the reactions that the particles are undergoing are different, resulting in different
product profiles. To design pyrolysis reactors with controlled product selectivity, it
is important to understand which reactions are taking place in the reactor/biomass
particle. This means that it is required to understand the kinetic parameters such as
reaction order, activation energy, and pre-exponential factor for the reaction
[14, 17, 23, 26-29]. Since, biomass particles are undergoing complicated reaction
networks, the estimation of kinetic parameters were limited to the overall process in
the early stages. Later, the kinetic parameters were estimated using the staged
decomposition of biomass due to its chief constituents of biomass, namely, hemi-
cellulose, cellulose, and lignin, and their relative proportions in a biomass [11, 14,
20, 30]. In the next section of this chapter, the kinetics of different biomasses are
presented along with their corresponding parameters.

3. Pyrolysis kinetics and product profiles

Kinetics play an important role in the design of pyrolysis reactors. These kinetic
parameters depend on the type of the biomass feed, mixing conditions in the reactor,
and inter-particle & intra-particle thermal and mass transfer limitations. As men-
tioned earlier, the biomass pyrolysis consists of complicated reaction networks, mak-
ing it difficult to analyze the pyrolysis kinetic parameters for individual reactions.

3.1 Pyrolysis kinetics

Different kinetic models were proposed by several authors working on the
kinetics of the pyrolysis of biomass. Currently, there is no single model for the
evaluation of kinetic parameters primarily based on the thermogravimetric (TGA)
studies. The different types of kinetic models tested for the biomass pyrolysis are:
(1) isoconversion (ISO) models such as Kissinger-Akahira-Sunose (KAS) model and
Ozawa-Flynn-Wall (OFW) model, (2) generalized n'? order reaction model, (3)
Coats-Redfern (CR) model, (4) three component mechanism with CR model, (5)
Gaussian Distributed Activation Energy model (Gaussian DAEM), (6) Friedmann
model, and (7) Starink model. The differences lie in their approach to relate them to
rate of biomass degradation with kinetic parameters-mainly the activation energy
and the pre-exponential factor.

The different models to analyze the pyrolysis thermal degradation data, were
classified mainly into three categories namely, accelerating, decelerating, and sig-
moidal model based on the shape of rate of degradation vs. time [17, 29]. The
accelerating models are the ones whose rate of decomposition increases with the
increase in time. For those biomasses which fall under this category a simple power
law model with respect to rate of decomposition is more suitable [29]. The decelerat-
ing models are used whose rate of reaction decreases with increase in time, such as CR
model and integral models (such as KAS and OFW models). This means, there are
mass transfer limitations (diffusion limited) during the reaction due to the formation
of products or inert layers that slows down the reaction. The sigmoidal models
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Type of biomass Model Activation energy-E, Pre-exponential Reference
(kJ/mol) factor-A (min™!)
Rice husk Gaussian DAEM 85-110 10°-107 [31]
Cotton stalk Direct method Hemicellulose: 102.0 1.22 [32]
Cellulose: 98.5 0.45
Integral method Hemicellulose: 127.8 2.6
Cellulose: 72.5 0.35
Rice straw Kissinger model 172.6 10" [32]
OFW model 192.7 107
KAS model 193.6 10"
Wheat straw nth-order Cellulose and 107 [33]
reaction model hemicellulose: 78 10°
(n-0.65)
Lignin: 80 (n-2.7)
Corn stalk KAS model 62.7 107-10% [34]
Corn cob CR model 64-80 103 [35]
Switch grass KAS model 77.4 10%-10° [34]
Elephant grass Three component ~ Hemicellulose: 46.5- 10*-10° [36]
mechanism 65.5 10%-10"
Cellulose: 108-127.2 10°-10°
Lignin: 45.6-53.5
Hazelnut husk KAS model 127.8 — [37]
OFW model 1311 —
CR model — 10°-10°
Hazelnut shell Friedman model 2223 — [38]
KAS model 216.3 —
DE Algorithm First zone: 35-153 103-10®
CR model Second zone: 20-135 107*-10°
35.9 10%
Walnut shell Arrhenius model 69.3 10° [6]
CR model 101.6 10°
Pine wood Arrhenius model 150 10" [39]
Apple pomace Friedman model 197.7 — [8]
OFW model 213.0 —
KAS model 201.7 —
CR model — 101073
Chestnut shells Friedman model 127.2-194.8 — [40]
KAS model 152.7-196.7 —
OFW model 154.1-196.1 —
Starink model 153.2-196.9 —
DAEM 175.2 10"-10"
Cherry stones Arrhenius Hemicellulose: 197.7 10%° [41]
equation Cellulose: 213.0 10’
Lignin: 201.7 10%
Grape seeds Gaussian DAEM 188 +3 1072 [42]
Logistic DAEM 190 £ 2 102
P. juliflora KAS model 204.0 10" [10]
OFW model 203.2 10°
Friedman model 219.3 102
Sugarcane bagasse Direct method Hemicellulose: 53.5, 107" [32]
cellulose: 43 10t
Integral method Hemicellulose: 87.7, 107"
cellulose: 77 10!
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Type of biomass Model Activation energy-E, Pre-exponential Reference
(kJ/mol) factor-A (min™1)

Cashew nut shells CR model Hemicellulose: 130.2 107107 [11]
Cellulose: 174.3 102103

Coconut shell CR model Hemicellulose: 179.6 107107 [11]
Cellulose: 216.0 1071073

Imperata cylindrical DAEM 213.9 10" [12]

(Cagon grass) Global kinetic 60-64 10-10?

model
Karanja fruit Hull KAS model 61.0 10° [13]
OFW model 68.5 10°

Hibiscus rosa sinensis CR model Hemicellulose: 55-91 10°-108 [14]
Cellulose: 9-62 107-10?
Lignin: 65-142 10*-107

Nevium oleander CR model Hemicellulose: 29-51 102-10* [14]
Cellulose: 11-43 107*-10?
Lignin: 71-109 10>-10°

Table 2.

Kinetic parameters of pyrolysis of different biomasses.

represent the autocatalytic type reactions during biomass pyrolysis, such as OFW and
KAS models. The choice of the kinetic model purely depends on the rate of decom-
position vs. time curve.

The isoconversion model and Gaussian DAEM will give only the activation of
energy for the overall thermal degradation process, which is further used in Arrhe-
nius type model for finding the pre-exponential factor.

Table 2 provides the kinetic parameters reported by researchers for different
biomasses that are widely used in pyrolysis.

Comparing Tables 1 and 2, for the biomasses with high hemicellulose content,
the activation energy is between 50 and 65 kJ/kmol, and the pre-exponential factor
is between 10° and 10°® min . The activation energy for high cellulose content is
between 170 and 220 kJ/kmol and the pre-exponential factor is between 107 and
10" min . For the biomasses with high lignin content, the activation energy ranges
from 65 to 140 kJ/kmol and the pre-exponential factor ranges from 10" to
10’ min . These wide variations in the kinetic parameters indicate that different
reactions are occurring within the biomass particle.

3.2 Pyrolysis product profiles: lumped product distribution

It has been mentioned earlier that the products of biomass pyrolysis vary
widely. There are not many studies aimed at intrinsic kinetic parameter estimation
for each individual products of pyrolysis. The pyrolysis products are lumped based
on their standard phase. The lumped reaction model for the biomass pyrolysis is
given in Egs. (1) and (2) [43, 44].

— Gas
Reaction 1: Biomass — Tar/Liquids (1)
— Char

The tar formed during the primary biomass decomposition shall further decom-
pose into gas and char.

. — Gas
Reaction 2 : Tar (2)
— Char
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Biomass type Pyrolysis type  Pyrolysis conditions Reactor type  Products (wt%)  Ref#
Rice husk Intermediate Temp.: >500°C Fluidized bed Gas: 15% [45]
HR: >3.33 K/s Liquids: 37-40%
Size: <0.5 mm Char: 47%
Slow Temp.: >500°C Fixed bed Gas: 32.7% [46]
HR: >0.33 K/s Liquids.: 30.1%
Size: <0.21 mm Char: 31.8%
Cotton stalk Intermediate Temp.: 490°C Fluidized bed Gas: 23% [47]
HR: 9 K/s Liquids: 36%
Size: 1 mm Char: 16%
Slow Temp.: 600°C Fixed bed Gas: 44.8% [24, 48]
HR: 0.3 K/s Liquids: 17.1%
Size: 3 mm Char: 38%
Rice straw Intermediate Temp.:500°C Fixed bed Gas: 54% [20]
HR: 3.3K/s Liquids: 6%
Size: <0.5 mm Char: 40%
Slow Temp.:600°C Fixed bed Gas: 30% [49, 50]
HR: 0.16 K/s Liquids: 45%
Size: 0.3 mm Char: 28%
Wheat straw Fast/flash Temp.: 525°C Fluidized bed Gas: 26.9% [28]
HR: 250-1000 K/s Liquids: 34.9%
Size: 0.25-1 mm Char: 28.0%
Slow Temp.: 450°C Fixed bed Gas: 24% [51]
HR: 0.03 K/s Liquids: 34%
Size: 1.33 mm Char: 43%
Corn stalks Intermediate Temp.: 500°C Fluidized bed Gas: 35% [52]
HR: 8.3 K/s Liquids: 38%
Size: <0.5 mm Char: 28%
Slow Temp.: 400°C Fixed bed Gas: 12% [53]
HR: 0.83 K/s Liquids: 50%
Size: <1 mm Char: 38%
Corn cob Fast/flash Temp.: 550°C Fluidized bed Gas: 46% [54]
HR: 1000 K/s Liquids: 36%
Size: 1-2 mm Char: 18%
Intermediate Temp.: 577°C Fixed bed Gas: 49% [55]
HR: 10 K/s Liquids: 28%
Size: 0.5-2 mm Char: 23
Elephant grass Fast/flash Temp.: 480-520°C  Fluidized bed Gas: 36.3% [56, 57]
HR: 4000 K/s Liquids: 37.6%
Size: 0.8-1.2 mm Char: 27.8%
Slow Temp.: 500°C Fixed bed Gas: 26% [58]
HR: 0.16 K/s Liquids: 44.7%
Size: 0.21 mm Char: 29.3%
Hazelnut shell Slow Temp.:550°C Fixed bed Gas: 21.5 [59]
HR: 0.1 K/s Liquids: 22.5%
Size: 0.85-1.8 mm Water: 25%
Char: 31%
Intermediate Temp.: 550°C Fixed bed Gas: 27 [59]
HR: 5 K/s Liquids: 34%
Size: 0.85-1.8 mm Water: 11%
Char: 28%
Sugarcane bagasse  Intermediate Temp.: 500°C Fixed bed Gas: 55% [20]
HR: 3.3 K/s Liquids: 10%
Size: <0.5 mm Char: 35%
Slow Temp.: 420°C Fixed bed Gas: 24.4% [60]
HR: 0.35K/s Liquids: 43%

Size: <0.5 mm

Char: 32.6%
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Biomass type Pyrolysis type  Pyrolysis conditions  Reactor type  Products (wt%) Ref #
Switch grass Fast/flash Temp.: 510°C Fluidized bed Gas: 16.5% [28]
HR: 1000 K/s Liquids: 57.9%
Size: 0.25-1 mm Char: 20.0%
Slow Temp.: 500°C Fixed bed Gas: 43.2% [61]
HR: 0.17 K/s Liquids: 27.5%
Size: 0 < 1 mm Char: 29.3%
Walnut shell Intermediate Temp.: 500°C Fixed bed Gas: 15.6% [62]
HR:5K/s Liquids: 31%
Size: 0.6-1.8 mm Char: 27.5%
Slow Temp.: 550°C TGA Gas: 10% [63]
HR: 0.16-1 K/s Liquids: 25%
Size: 0.075 mm Char: 40%
Pine wood Fast/flash Temp.: 400-500°C Fluidized bed Gas: 22% [64]
HR: >1000 K/s Liquids: 67%
Size: 0.25-0.425 mm Char: 11%
Intermediate Temp.: 500°C Fixed bed Gas: 26% [65]
HR: 5 K/s Liquids: 43%
Size: 06-0.85 mm Char: 23%
Water: 14%
Slow Temp.: 700°C Fixed bed Gas: 25% [66]
HR: 0.16 K/s Liquids: 58%
Size: <1 mm Char: 18%
Apple pomace Slow Temp.: 400°C Fixed bed Gas: 71.5% [23]
HR: 0.08-0.3 K/s Liquids: 25.4%
Size: 420-840 pm Char: 3%
Coconut shell Intermediate Temp.: 500°C Fixed bed Gas: 51% [20]
HR: 3.3 K/s Liquids: 10%
Size: <0.5 mm Char: 39%
Slow Temp.: 550°C Fixed bed Gas: 30-33% [67]
HR: 1K/s Liquids: 38-44%
Size: 1.18-1.8 mm Char: 22-31%
Cashew nut shells Slow Temp.: 400-450°C Fixed bed Gas: 57.4% [68]
HR: 0.166 K/s Liquids: 23.5%
Size: 0.25 mm Char: 19.1%
Cherry stones Slow Temp.: 400-500°C TGA Gas: 8.8-47.6% [41]
HR: 0.083-0.33 K/s Liquids: 32-58%
Size: 0.32-2 mm Char: 20-56.8%
P. juliflora Fast/flash Temp.: 450°C Fluidized bed Gas: 12.5% [57, 69]
HR: 4000 K/s Liquid: 62.5%
Size: 0.25-0.5 mm Char: 25%
Slow Temp.: 600°C Fixed bed Gas: 44 [70]
HR: 0.33 K/s Liquid: 38.3%
Size: 0.2-0.5 mm Char: 36.8%
Cogon grass Slow Temp.: 500°C Fixed bed Gas: 49.1-74.1% [12]
HR: 0.36 K/s Oil: 3.2-20.8%
Size: 0.25-1 mm Char: 22.6-30.5%

Temp., temperature; HR, heating rate; size, biomass particle size.

Table 3.
Product profiles from pyrolysis of different biomass in fixed and fluidized bed pyrolyzers.

For practical purposes, the products are classified into gases, liquids, and char.
The lumped product distribution from pyrolysis of different biomasses, different
pyrolysis methods, pyrolysis conditions and two different pyrolyzers (fixed bed and
fluidized) are provided (Table 3).

50



Modeling and Optimization of Product Profiles in Biomass Pyrolysis
DOI: http://dx.doi.org/10.5772/intechopen.85581

From the data presented in Table 3, it can be generalized that the liquid prod-
ucts will be more in fluidized bed reactors, whereas more char is seen in fixed bed
reactors. Further, slow pyrolysis results in more gas and char when compared to
fast pyrolysis. This might be due to the liquid products formed in reaction 1, shown
in Eq. (1), being further consumed by reaction 2, shown in Eq. (2) resulting in more
gas and char. The relative proportions of these products depend on various param-
eters mentioned earlier.

4. Process modeling of pyrolysis reactors

The biomass pyrolysis has been mainly carried out in two types of reactors: fixed
bed (or packed bed) reactors and fluidized bed reactors, by many authors, as
presented in Table 3. The process models for these two reactors are developed from
fundamental laws of conservation of mass and energy along with empirical relations
for properties such as specific heat, density, diffusivity, mass and heat transfer
coefficients, etc. The packed bed pyrolyzers are further classified as down-draft and
updraft pyrolysis reactors. The detailed comparison of the general packed bed and
fluidized bed reactors is given in Table 4.

The biomass usually contains moisture. The moisture needs to be removed
before the pyrolysis stage. If this is carried to the pyrolysis stage, the gasification
reactions such as steam reformation may kick off resulting in undesirable products.

Gasifier type Specifications/conditions
Updraft fixed ¢ The biomass is fed from the top of the pyrolyzer, and the inert gas (if
pyrolyzer any) fed from bottom.

¢ Char resulting from pyrolysis falls down and may accelerate the
pyrolysis.

 The pyrolysis gases and along with the liquid tar (in the form of gas)
leaves from the top of the pyrolyzer.

¢ The ash (inert component of the biomass) is collected at the bottom of
the gasifier.

¢ Operating temperature ranges from 300 to 750°C.

Downderaft fixed bed ¢ The biomass is fed from top of the pyrolyzer along with inert gas
pyrolyzer allowing the feed and gases move in the same direction.
* The feed is broken down, falling down the gasifier under gravity. A bed
of hot char through which the gases are allowed to pass through (a
secondary reaction zone) ensures the pyrolysis products travelling from
top are further broken down. This increases the residence time through
the pyrolysis stage. An exit for the pyrolysis products is provided just
above the bottom of the pyrolyzer.
¢ The ash collected under the grate at the bottom the pyrolyzer.
¢ Operating temperature ranges from 300 to 750°C.

Fluidized bed reactor ¢ A bed of fine inert solid material is present at the bottom of the
pyrolyzer. The inert gas is fed from the bottom of the pyrolyzer fast
enough (1-3 m/s) to agitate the material.

¢ The biomass feed is fed in from the side, mixes with the inert gas and the
products of the pyrolysis leave from the top.

¢ The operating temperature is below 900°C to avoid ash melting and
sticking to the wall.

Table 4.
Comparison of fixed bed and fluidized bed pyrolyzers.
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The modeling of the packed bed and the fluidized bed pyrolyzers is discussed in
detail below.

The major difference between the updraft pyrolyzer and the downdraft pyro-
lyzer is only the inlet and outlet locations, which changes the residence time and
mixing conditions. For the purpose of the modeling of biomass pyrolysis and opti-
mization of product profiles, the updraft and downdraft pyrolyzers are treated as
fixed bed pyrolyzers.

4.1 Modeling of packed bed pyrolysis reactor

The modeling of the packed bed pyrolysis reactors is divided into drying stage
and the pyrolysis stage. The modeling of these two stages has been is presented in
detail below.

4.1.1 Modeling of drying stage in packed bed pyrolyzers

The drying of biomass particles will happen in two stages: (a) constant rate
period and (b) falling rate period. The rate of drying in these two stages is given
separately by the following equations.

The rate of drying during the constant rate period is given by [71]

dX
% = _kc =13 x 1079T2,112v§.219 (3)

The rate of drying during the falling rate period is given by [71]

dx
- = KX -Xy)

K = 0.011exp (—201.8/T,)

(4)

Egs. (3) and (4), provide an estimation of rate of drying in both constant and
falling rate periods, with rate of drying depending on the particle temperature.
During the pyrolysis process, the biomass particle temperature depends on the
rate of heat transfer between the gas and the particle. This rate of heat transfer
depends on the flow characteristics involving Reynolds and Prandtl number.

For 20 < Re < 1000, the heat transfer coefficient is given by [71, 72]

h = 3.26C,,G,Re” Py’
_ Paas Uod, (5)

e
P 7

where k, is the mass transfer coefficient at constant drying period in s~ ; K is the
mass transfer coefficient at falling drying period in s~ '; Re is the Reynolds number
of gas; Pr is the Prandtl number of gas; T, is the gas temperature in °C; v, is the gas
velocity in m/s; C, is the heat capacity of gas in J/(kg K); &, is the porosity at
minimum fluidization; X is the moisture content in the biomass; X,, is the moisture
content at the end of constant rate period; G, is the gas mass flux in kg/(m”s).

4.1.2 Modeling of pyrolysis in packed bed reactors

Egs. (1) and (2) represents the reactions reported during pyrolysis of biomass
with lumped product approach. Since the reaction presented in Eq. (1) involves
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only the solid biomass as reactant, most of the reactions are treated as first order
reactions using Arrhenius type model [73]. The Arrhenius model parameters for the
lumped reaction model that produces gaseous, liquid, and char for different
constituent of biomass are given in Table 5.

The volume and the moles of the products of the pyrolysis zone was found with
the help of the plug flow reactor (PFR) design equation.

\%4 _ J dXBiamqu
F Biomass —7Biomass (6)
0

(_rBiomass = "Gas + ¥ Liquids + VChm’)

where V is the volume of the pyrolyzer in 1, Fpjymass is the molar feed rate of
biomass in mol/s; Xy is the desired biomass conversion; —7gjomass is the rate of
biomass consumption in mol/(lit. s); 7g,; is the rate of formation of gaseous prod-
ucts in mol/(lit. s); Liguias is the rate of formation of liquid products in mol/(lit. s);
7char 1s the rate of formation of char in mol/(lit. s).

Since, the pyrolysis stage is non-isothermal in nature, it is essential to model the
temperature along the length of the pyrolyzer which involves external heating. The
energy balance equation was obtained based on the shell energy balance to find the
temperature profile along the length of the pyrolysis zone. The steady state energy
balance equation results in the following differential equation:

d’T dT
PGt R 6(Tw* — T*) — AHgF40dXa = 0 @)

k dz ' R

where k is the thermal conductivity in W/(m. K); p is the density in kg/m3 ; Cp is
the specific heat capacity in J/(kg. K); v is the gas velocity in m/s; &g is the emissivity
of the body during radiation; ¢ is the Stephan-Boltzmann constant = 5.67E—08 W/
(m? K*); R is the radius of oxidation zone in m; Ty is the source temperature in K; T
is the reactor temperature in K; 7, 2 are the radial and axial directions.

Since, Eq. (7) is combined convection diffusion equation with heat source (heat
of reaction) and external heat supply, two boundary conditions are required: one in
radial direction and one in axial direction.

The boundary conditions for solving the energy balance equation are:

ar ..
Q=R k o= Radiation flux
r
aT . ..
Qr=0;k o= 0 (Tempearature minimum condition)
r
Qz=0;T=T,
Pyrolysis product— Gas Tar/liquids Char

Biomass component |, A E. (J/mol) AGs™ E. (J/mol) A(s™) E, (J/mol)

HEMI* 21x10% 18x10° 87x10™ 20x10° 2.6x10% 15x10°
CEL* 28 x10Y 24x10° 33x10™ 19x10° 13x10Y 15x10°
LIG* 9.6 x10° 11x10° 15x10° 14x10° 77x10° 11x10°

*HEMI, hemicellulose; CEL, cellulose; LIG, lignin.

Table 5.
Kinetic parameters for lumped models for biomass pyrolysis.
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4.2 Modeling of fluidized bed pyrolysis reactor

As mentioned in the modeling of the packed bed pyrolysis, the pyrolysis process
occurs after the drying of the biomass.

4.2.1 Modeling of drying stage in fluidized bed pyrolyzers

The equations for the drying stage in a fluidized bed pyrolyzers are similar to
those in a packed bed pyrolyzer, as provided in Section 4.1.1. Because there is
vigorous mixing in the fluidized bed pyrolysis, the extent of heat and mass transfer
is very high. Kunii and Levenspiel confirmed that there is more than one phase
during bubbling fluidization [74]. These two phases are named as bubble phase
(primarily the fluid used as fluidizing the medium) and emulsion phase (mixture of
biomass particles and fluid). The interface between these two phases is named as
“cloud.” The concept of two-phase model along with the mass transfer between the
two phases is depicted in Figure 2. It is to be noted that the primary reactions
during biomass pyrolysis shall occur only in the solid phase (i.e., in the emulsion
phase) and the secondary reactions occur in both phases.

The most widely used Kunii and Levenspiel model (K-L model) expresses the
overall heat and mass transfer coefficient in a bubbling fluidized bed considering
the resistance for heat and mass transfer between the bubble-cloud interface and
resistance for heat and mass transfer between emulsion and cloud [74]. The cloud-
bubble interface heat and mass transfer are functions of gas velocity and conduc-
tion/diffusion from a thin cloud layer into the bubble. The emulsion and cloud
transfer are only due to conduction/diffusion between the emulsion phase and the
cloud boundary. They had also suggested additional mass transfer resulting from
particles dispersed in the bubbles. However, recent advanced imaging technique,
have shown bubble free particles in most cases.

Fluid Out ® Biomass particle

ﬂ O Fluid bubble

Heat and mass
[ ] transfer depend on
e oo, o° relative velocities of
e 09 L X -. bubble and the
.O- * % emulsion
o .I‘ L 3 ) P
*8 + >
oo 'O O 2 e ®
RO, e
[ LI ] ™
L I . i
ad g p® 0 @ Bubble Emulsion
ae % g0 Phase Phasa
Fluid in

Figure 2.
The two-phase model for fluidized bed pyrolyzer.
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Based on the two-phase model, the overall mass transfer coefficient is estimated

using Egs. (8)-(10) [75].
Cloud-bubble mass transfer coefficient

B Umbf DABOASgOQS

Dense-cloud mass transfer coefficient

DagenU,
ki = 6.77 (%) 9)
dj
Overall mass transfer coefficient (in s ')
1 1 1 (10)

= — 4+ —
kouemll kcb kdc

The heat transfer coefficient is estimated using the correlation given in Eq. (11) [76].

k
h, = 0.15d—gRep0'35AVO'25(ng <U,) (11)
P
U,d
Re, = “% (12)
& Pyas ( Pootia — Poas )8
AV _ §4 gﬂS( SO/,:2 gﬂS) (13)

where k. is the mass transfer coefficient between dense emulsion and cloud in
m/s; k., is the mass transfer coefficient between bubble and cloud in m/s; k.. is
the overall mass transfer coefficient between bubble and cloud in m/s; %, is the
overall heat transfer coefficient in W/(m? K); Re, is the Particle Reynolds number;
Ar is the Archimedes number; U, is the bubble velocity at minimum fluidization
in m/s; Dp is the binary diffusivity in m?/s; Uy, is the bubble velocity in m/s; e,y is
the bed voidage at minimum fluidization; p,,;, is the density of biomass particle in
kg/m?; Pgas is the density of fluidizing gas in kg/m?; dj, is the bubble diameter in m.

4.2.2 Modeling of pyrolysis stage in fluidized bed pyrolyzers

Due to vigorous mixing in the fluidized beds, the following assumptions are
made for modeling of the pyrolysis stage in the fluidized bed reactors:

1. Isothermal operation of the reactor,
2. No radial variations, and
3. Reactions occurring only in the solid phase (only in the emulsion phase).

Based on these assumptions, the following models (separately for emulsion phase
and bubble phase) can be obtained from the fundamental component balance:
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dCa,p
dz

Bubble phase : euy, —kr(Ca,p —Ca.)=0 (14)

dCy,.
dz

2
Emulsion phase : (1 — €)u, + kL (Cap —Cae) —(1— e)DeﬁcddCA’e + (—ra)p,(1—¢)=0;

ZZ
(15)

where b is the bubble phase and e is the emulsion phase.

5. Optimization of product profiles in biomass pyrolysis

As discussed in Section 1, since the product profiles of biomass pyrolysis are
known to greatly depend on various parameters, it is necessary to determine the
parameters that have the largest effect on the ratios of important lumped products
discussed in Section 2.

5.1 Response surface optimization methodology: the mixture design

The following quantifiable factors were chosen for the optimization.
The biomass-based factors are:

a. Hemicellulose fraction
b.Cellulose fraction
c. Lignin fraction

The process-based parameters have been divided into two categorical type
parameters.

a. The type of pyrolysis-slow and fast/flash pyrolysis
b.The type of reactor-fixed bed and fluidized bed reactors

The variation of constituent composition of biomass is obtained from Table 1.
The amounts of gaseous, liquid, and products for each biomass for different process
parameters and different reactor types are obtained from Table 3.

Since hemicellulose, cellulose, and lignin are biomass constituents, the sum of
their fractions must be equal to one. Accordingly, a mixture design was chosen for
the statistical design of the experiments.

A total of 52 data sets were selected combining Tables 1 and 3 (based on the
variations in mixture design), and the experiments conducted and data analyzed.

The depletion of fossil fuels has created interest in obtaining the fuels from
alternate sources such as biomass, especially for transportation fuels. Therefore, the
objective of the product profiles from biomass pyrolysis is aimed to maximize the
liquid (tar) products and simultaneously minimize the production of gas and char.
The reason for the minimization of gaseous products is that they may contain
carbon monoxide and carbon dioxide which are of less calorific value when
compared to the hydrocarbons.

Ternary diagrams are common in representing factor levels in a mixture design.
In such a diagram, with three factors (x1, x2, and x3), the vertex represents a pure
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component (i.e., x1 = 100%) while its opposite edge holds a value of x1 = 0 (with
%2 + X3 = 100%). The same holds for the other two vertices and edges.

However, it may be noted that in certain experiments the sum of proportions of
the three components may be deliberately constrained to equal a specific value.
This feature has been used in our experimental design. For example, referring to
Figure 3, the three vertices represent hemicellulose, cellulose and lignin. The
maximum fraction of these three constituents is 0.764, 0.742 and 0.7444 for hemi-
cellulose, cellulose and lignin, respectively. The 0.119, 0.117, and 0.139 marked on
the sides of the triangle represent the minimum values for the biomass constituents.

5.2 Optimization of gas yield

The analysis of minimization of gas yield is separated into two types: (a) fast
pyrolysis in fluidized bed pyrolyzer and (b) slow pyrolysis in fixed bed pyrolyzer.
These two were chosen to account for the extremities of the process conditions. The
contour plot for fast pyrolysis in fluidized bed is shown in Figure 3. The three
vertices of the triangle are the maximum points of hemicellulose, cellulose, and
lignin. For the minimization of gaseous products during fast pyrolysis in fluidized
bed, the hemicellulose content in biomass is required to be high, when compared to
the cellulose and lignin. More than 40% hemicellulose and ~20% of each of lignin
and cellulose in the biomass feed will minimize the gas yield during fast pyrolysis in
fluidized bed. This is easily achievable, because there are biomasses with hemicel-
lulose content higher than 40% (please refer to Table 1). Considering fast pyrolysis
of wheat straw in fluidized bed reactor, which contains 25.5% hemicellulose, 49.3%
cellulose, and 25.2% of lignin, the gas yield is ~30%, which is consistent with the
experimentally obtained data presented in Table 3.

The gas yield during slow pyrolysis in fixed bed pyrolysis is higher than that of
fast pyrolysis in fluidized bed reactors. This is due to the fact that the residence time
in the fixed bed reactors is higher when compared to that of fluidized bed reactors.
Due to longer residence times, there are secondary reactions, that is, the conversion
of liquid into gas and char. The optimal minimum gas yield during slow biomass
pyrolysis in fixed bed reactors is ~16%, as shown in contour plot in Figure 4. The
minimum gas yield can be obtained at various conditions. Specifically, it is obtained
either at high hemicellulose content or at medium cellulose and lignin content in the
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Figure 3.
Contour plot of gas yield in biomass pyrolysis for fast pyrolysis in fluidized bed reactor.
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Figure 4.
Contour plot of gas yield in biomass pyrolysis for slow pyrolysis in fixed bed reactor.

biomass. Considering the wheat straw decomposition during slow pyrolysis in fixed
bed, the gas yield is 16-26% as given by Figure 4.

The gas yield during biomass pyrolysis may be obtained from statistical model-
ing, presented in Eq. (16). This equation was obtained after removing the model
terms that were not statistically significant, that is, terms with p-value < 0.05.

GasYield(%) = —20.4*H +108.8*C + 111.3"L — 377.8*C*L — 18.3*H*P + 50.1"H*L*R
(16)

where H is the hemicellulose fraction in biomass; C is the cellulose fraction in
biomass; L is the lignin fraction in biomass; P is the pyrolysis type (fast or slow); R
is the reactor type (fluidized bed or fixed bed).

The coefficients present in Eq. (16) represents whether the effect is positive or
negative. The coefficient for hemicellulose is negative. This means, the higher the
hemicellulose content, lesser will be the gas yield. From Eq. (16), there are interac-
tions between cellulose-lignin, hemicellulose-pyrolysis type and hemicellulose-
lignin-reactor type. These interactions could be either synergistic (positive coeffi-
cient) or antagonistic (negative coefficient). For the gas yield%, the cellulose-lignin
and hemicellulose-pyrolysis are antagonistic, whereas hemicellulose-lignin-reactor
type is synergistic.

Equations similar to gas yield%, presented in Eq. (16) were also obtained for
liquid yield% and char yield%.

5.3 Optimization of liquid yield

As mentioned in Section 5.1, it is important find the level of biomass constituents
and operating conditions for pyrolysis to maximize the liquid yield, while minimiz-
ing both gas and char yield.

Figure 5 presents the contour plot of liquid yield as function of biomass constit-
uents during fast pyrolysis. The maximum liquid yield may be obtained at high
hemicellulose, low lignin and low cellulose content. For biomasses whose cellulose
content is high, the liquid yields are very low and for the biomasses whose lignin
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Figure 5.

Contour plot of liquid yield in biomass pyrolysis for fast pyrolysis in fluidized bed reactor.

content is high, the liquid yield ranges from 40 to 60%. For example, one of the
biomasses containing high hemi cellulose is switch grass, for which, if decomposed
during fast pyrolysis in fluidized bed, the liquid yield is more than 51% (from
Figure 5), which is consistent with the experimentally obtained data.

Figure 6 shows the liquid yield during slow pyrolysis in fixed bed pyrolyzes.
Comparing Figure 5 with Figure 6, it can be concluded that, the liquid yield is
higher in fast pyrolysis in fluidized bed than slow pyrolysis in fixed bed. Further,
the maximum liquid yield that can be obtained is ~40%. This can be obtained only
at high hemicellulose content, medium cellulose content and low lignin content.
The liquid yield for the high hemicellulose content biomasses, such as switch grass,
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Figure 6.
Contour plot of liquid yield in biomass pyrolysis for slow in fixed bed reactor.
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during slow pyrolysis in fixed bed reactor, the liquid yield will vary from 25 to 40%,
which can be obtained from Figure 6.

5.4 Optimization of char yield

Minimization of char is also important during biomass pyrolysis. Figure 7 shows
the contour plot of char yield during fast pyrolysis in fluidized bed and Figure 8
shows the char yield during slow pyrolysis in fixed bed. Lower char yields may be
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Figure 7.
Contour plot of char yield in biomass pyrolysis for fast pyrolysis in fluidized bed reactor.

Hemicellulose

Char
Yield¥%
< 20
- 24

EEEET
BEES
o

s8LE

0.742 0139 0.744
Cellulose Lignin

Figure 8.
Contour plot of char yield in biomass pyrolysis for slow pyrolysis in fixed bed reactor.
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obtained during fast pyrolysis in fluidized bed from biomasses containing higher
amount of lignin, medium amounts of hemicellulose and lower amounts of cellulose
(lignocellulosic biomass in other words). For example, the high lignin biomasses
such as hazelnut shell will yield less char during fast pyrolysis in fluidized bed
reactor.

Low char yields may be obtained for biomasses with high hemicellulose and high
lignin during slow pyrolysis in fixed bed operation.

6. Conclusions

Biomasses vary widely in their chief constituents namely, hemicellulose, cellu-
lose, and lignin. The order of the degradation temperature for the three chief
constituents is hemicellulose < cellulose < lignin. For obtaining controlled and
useful product profiles such as liquid fuels via pyrolysis, it is important to under-
stand the pyrolysis process conditions, such as heating rate and temperature. For
optimization, the pyrolysis operating parameters are classified as slow and fast
pyrolysis and the reactors are classified as fluidized bed and fixed bed. The data
required for optimization was obtained from many sources, including experimental
data for various biomasses and process conditions. The response surface optimiza-
tion was performed using mixture design with three levels for biomass constituents
and two levels each for pyrolysis type and reactor type. The objective of this book
chapter is to model the reaction using lumped (gas, liquids, and char) approach and
find the feed and operating parameters to maximize the liquid yield. In general, the
liquid yield was found to be higher during fast pyrolysis/fluidized bed reactors
when compared to slow pyrolysis/fixed bed reactors. This is due to the large resi-
dence time in the slow pyrolysis/fixed bed reactors. The maximum yield may be
obtained for the biomasses containing high hemicellulose such as switch grass and
corn stock.

The authors recommend further optimization with respect to particle size,
heating rate, and biomass feed rate.
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Chapter 5

Waste Plastics Valorization by Fast
Pyrolysis and in Line Catalytic
Steam Reforming for Hydrogen
Production
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Maider Amutio, Javier Bilbao and Martin Olazar

Abstract

This chapter summarizes the most recent results obtained in the plastic waste
pyrolysis-reforming strategy for hydrogen production. An original two-reactor
configuration consisting of a conical spouted bed reactor for the pyrolysis step and a
fluidized bed reactor for the pyrolysis volatile reforming is proposed. The fundamen-
tal aspects and challenges of this joint process are discussed in detail, and the pros-
pects for the full-scale implementation of this valorization route are assessed. Thus,
the influence the main reforming parameters (temperature, space time and steam/
plastic ratio) have in the pyrolysis-reforming of HDPE on product yields and catalyst
stability are reported. Moreover, the role played by plastic composition on process
performance is also described by studying the influence of following polymers: high
density polyethylene (HDPE), polypropylene (PP), polyethylene terephthalate (PET)
and polystyrene (PS). The operating conditions used for the valorization of different
plastics have been as follows: pyrolysis temperature of 500°C, reforming temperature
of 700°C, space time of 16.7 geatalyst Min gplastic—! and steam/plastic ratio of 4.

Keywords: hydrogen, pyrolysis, reforming, waste plastics, spouted bed

1. Introduction

The current overall hydrogen production has reached a value of 7.7 EJ/year, and
an increase to 10 E]/year is expected by the year 2050 [1]. Hydrogen demand is
mainly related to ammonia production (51%), oil refining (31%), methanol produc-
tion (10%), and other uses (8%). Moreover, new fossil sources of lower quality than
conventional oil are increasingly been used, but they require severe hydroprocess-
ing for their upgrading. This is the case of oil sands, which surely will contribute to
meeting the increasing requirements of hydrogen.

Approximately 96% of the world hydrogen produced is of fossil origin. Thus,
48% is produced from natural gas reforming, 30% from oil fractions and the
remaining 18% by means of coal gasification [2]. Accordingly, only 4% is produced
from renewable sources, such as water electrolysis.
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The future of the hydrogen market is conditioned by the need to reduce CO,
emissions, which requires obtaining it from raw materials and renewable energy
sources. The so-called hydrogen economy contemplates a future scenario in which
this gas produced in a clean and economical way from a wide range of renewable
sources would contribute to meeting the society’s energy needs through combustion
engines or preferably, by means of fuel cells, to a more efficient energy genera-
tion. This proposal would help to decentralize and diversify the energy system and
reduce the current dependence on fossil fuels and air pollution [3].

In this scenario, the processes aimed at hydrogen production from biomass and
waste are gaining growing attention [1, 4-6], with the thermochemical routes being
those with best perspectives for their full scale implementation. Thus, hydrogen
production from waste plastics has been mainly approached by means of steam
gasification and pyrolysis-reforming processes [6].

Gasification allows for the conversion of waste plastics into a gaseous stream
with varying contents of H,, CO, CO,, CH, and N, depending on process conditions
and the gasifying agent used. The main advantage of gasification in relation to other
thermochemical processes lies in its flexibility to valorize plastics of different compo-
sition or mixtures or plastics with other feedstocks. The main technologies for waste
plastics gasification are those previously developed for biomass and coal gasification.
It is to note that fluidized bed reactors have been widely used in the gasification of
plastics [7-13]. However, these studies were mainly performed using air as fluidizing
agent, so that the resulting gas has low hydrogen content and its main interest is
restricted to energy production. The dual fluidized bed technology has been success-
fully applied to the steam gasification of plastics [13] and plastics mixtures with coal
and biomass [14, 15]. The relevance of this technology is related with the fact that it
allows overcoming the problems associated by the endothermic nature of the process.
In spite of the promising results reported by Wilk et al. [13] in the gasification of
different waste plastics, the high tar content in the syngas (above 100 g m ) is a great
challenge. However, waste plastic gasification has been scarcely studied in fixed bed
reactors. Moreover, the results obtained are of preliminary nature as the reactors
used are of laboratory scale and operate in batch regime [16-19]. Erkiaga et al. [20,
21] used the conical spouted bed reactor in the steam gasification of HDPE, and a
hydrogen rich syngas was obtained with moderate tar contents. Moreover, this reac-
tor design was also used subsequently in the co-gasification of HDPE and biomass
(pine sawdust) with promising results [22]. The high temperatures attained in plasma
reactors are also suitable for tar elimination, and this technology has therefore been
proposed for the gasification of waste plastics [23, 24].

The hydrogen production from plastics via pyrolysis-reforming strategy has been
recently proposed as an alternative to conventional gasification. The interest of this
strategy lies in the fact that a tar free syngas is produced due to the high activity of
the reforming catalyst. Moreover, the mild conditions in the reforming step and the
physical separation of waste plastic impurities and the catalysts improve catalyst
stability. Nevertheless, this strategy has been scarcely studied and the results
reported were mainly obtained in lab scale units [6]. The studies by the team of
Professor Williams [25-28] were carried out in a system in which pyrolysis is carried
out in discontinuous regime in a fixed bed reactor and the volatiles are reformed in a
second fixed bed. The reaction equipment used by the team of Professor Yoshikawa
[29, 30] is a step forward, as it operates in continuous regime, although the use of fixed
beds for pyrolysis and reforming can involve serious limitations for the process scale
up. Czernik and French [31] made a step forward in this technology by studying
the continuous pyrolysis and in-line reforming of polypropylene in a system of two
in-line fluidized beds, with a commercial naphtha reforming catalyst. Erkiaga et al.
[32] originally proposed a two-step reactor unit operating in continuous regime by
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combining a spouted bed reactor for the plastic fast pyrolysis and a fixed bed for the
catalytic steam reforming. However, the fixed bed reactor led to an excessive coke
formation and severe operational problems subsequent to some minutes operation.
Accordingly, the fixed bed reactor was replaced by a fluidized bed reactor in subse-
quent studies to overcome the mentioned problems [33-36].

This chapter describes the main results obtained in the pyrolysis and in-line
reforming of plastics in a system composed of a spouted bed for the pyrolysis step
and a fluidized bed for the reforming one. Section 2 provides background informa-
tion on the application of conical spouted beds to plastics pyrolysis. In addition, the
results obtained in the pyrolysis of different plastics are also reported in this section,
as long as the pyrolysis step product distribution is critical for the evaluation of the
subsequent reforming step. Finally, Section 3 deals with the effect operating condi-
tions (temperature, space time and S/P ratio) have on the reforming step perfor-
mance. Moreover, the influence the polymer type in the feed to the pyrolysis step has
on reforming step yields has also been evaluated. Thus, the interest of this chapter is
centered on the maximization of hydrogen production under different conditions by
treating plastics of different composition. Furthermore, one of the main challenges
of this process, as is catalyst stability, has also been approached in detail.

2. Waste plastics pyrolysis in conical spouted beds

Pyrolysis (or thermal cracking) for the valorization of waste plastic is currently
receiving great attention, especially for addition polymers, which accounts for
most plastics in the municipal solid waste stream. One of the main advantages of
pyrolysis lies in its efficiency for the recovery of monomers and for the production
of automotive and hydrogen fuels, with reduced emission of pollutants [37-40].

The pyrolysis process is flexible and may treat plastic mixtures in the municipal solid
waste, and those from automobile recycling, electronics and computers or construction,
as well as mixtures of these materials with others (such as biomass) [41]. The require-
ments for scaling up and operation in continuous regime have led to the proposal of a
significant number of technologies provided with very different reactors, such as fluid-
ized beds, screw kilns, stirred or microwave reactors [37, 38]. Amongst these technolo-
gies, the fluidized bed reactor has been widely used because it ensures good heat and
mass transfer, and therefore isothermal operation [42]. The main international refer-
ence in the development of this technology is known as the Hamburg process [43-45].

One of the main challenges in the pyrolysis of plastics is the sticky behavior of
fused plastic particles, which causes agglomeration and subsequent defluidization
in fluidized bed reactors [46]. The high heat transfer rates and vigorous cyclic
movement of the particles in the conical spouted bed reactor, as well as the role of
the spout to break up the agglomerates, are suitable features for continuous pyroly-
sis of plastics. Therefore, this technology allows operating below 500°C without
defluidization problems [47]. Accordingly, the conical spouted bed has been
successfully applied to the continuous pyrolysis of different polymeric materials
[48-52]. Moreover, this technology has also been applied to the pyrolysis of biomass
and, in fact, a 25 kg h™" pilot plant has been developed for this process [53, 54].

The main interest in analyzing the results obtained in the pyrolysis of the
plastics lies in the fact that it constitutes the first step of the integrated pyrolysis-
reforming strategy, and therefore the volatile products of the pyrolysis process are
the reactants of the catalytic reforming step. Consequently, it is essential to know
the composition of the volatile stream leaving the pyrolysis step. Accordingly, the
composition of the volatile stream for the pyrolysis of polyolefins (HDPE and PP),
PET and PS, are analyzed in this section.
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The different nature of the plastics studied led to volatile streams of differ-
ent composition in their pyrolysis. It is to note that HDPE and PP are made up of
saturated hydrocarbon chains, the thermal degradation of these chains mainly
occurs by random radical scission mechanism, which gives way to a wide product
distribution ranging from light gases to waxes. The fast pyrolysis conditions of
the conical spouted bed reactor and especially the short residence time attained
favor the selective formation of primary products, i.e., waxes and hydrocarbons
in the diesel range, with the yield of gases, gasoline and aromatics being very low.
However, in the PS chains aromatic rings are included, thus, the depolymerisation
of this plastic leads to the formation of monomers (styrene), oligomers and other
secondary products of aromatic nature. Due to the low temperature and the suit-
able features of the reactor used in this study, the product stream obtained in PS
pyrolysis is mainly made up of styrene. Finally, PET is produced by polymerization
of terephthalic acid and ethylene Glycerol. Accordingly, a wide product distribution
with oxygenates and aromatics are formed in PET pyrolysis. The different nature
of the pyrolysis product stream has a remarkable influence on its behavior in the
reforming step, and the following section deals with this aspect.

According to the results obtained in previous studies, pyrolysis temperature
was fixed at 500°C [47, 49, 52]. This temperature ensures a stable process without
operational problems and minimizes secondary reactions of pyrolysis products
and energy requirements. Moreover, below this temperature the plastic pyrolysis
kinetic is very slow. Although the polymer degradation in the pyrolysis-reforming
process occurs under steam atmosphere, the results obtained in previous studies
using steam are very similar to those obtained using nitrogen as fluidizing agent,
and therefore steam has hardly any effect at this temperature [33, 35]. This result
is associated with the mild pyrolysis conditions used, 500°C, which hinders steam
reactivity. The experiments were performed with continuous plastic feed and using
abed of inert sand in the pyrolysis of all the polymers studied.

The results obtained in the continuous pyrolysis of different plastics, HDPE,
PP, PS and PET at 500°C are summarized in Figure 1. Due to the similar nature of
HDPE and PP, similar product yields are obtained in their pyrolysis. As observed
in Figure 1, the pyrolysis of polyolefins (HDPE and PP) leads to high yields of
waxes (Cy1,) and liquid hydrocarbons in the diesel range (C1,==Cy), with the
yield of the gasoline fraction being low and that of gases below 1.5 wt%. It is to
note that the solid residue formed in the pyrolysis of polyolefins is negligible,
and therefore the whole product stream is fed into the fluidized bed for its
reforming. Waxes are made up of long chain hydrocarbons and are solid at room
temperature. However, these products do not cause any operational problem in
the pyrolysis-reforming process as long as they are fully converted into gaseous
products in the reforming step.

On the other hand, PET showed a wider product distribution that those
observed in the case of polyolefins. A remarkable solid residue yield (7 wt%) was
obtained in the pyrolysis of PET, with this residue being obtained coating the sand
particles. The main product fraction in PET pyrolysis is the gaseous stream, whose
yield is of 42.8 wt%. This gas is mainly made up of carbon monoxide and dioxide. In
addition, a remarkable yield of a solid fraction (benzoic and benzoylformic acids) is
obtained at room temperature, which accounts for 37.4 wt%. However, the yield of
oil is the lowest (12.8 wt%) in the polymers studied.

The pyrolysis of PS leads to a high monomer recovery, with the yield of styrene
being 70.6 wt%. The gaseous product yield is very low, 1.5 wt%, and that of the
solid residue negligible. Thus, the product distribution obtained in PS pyrolysis is
made up of styrene and other secondary products of aromatic nature.
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Figure 1.
Product distributions obtained in the continuous pyrolysis of HDPE (a), PP (b), PET (c) and PS (d) in a
conical spouted bed reactor at 500°C.

3. Pyrolysis and in-line reforming of plastics

The fast pyrolysis of waste plastics has been extensively studied in the literature
[38, 55, 56], due to its interest for producing fuels and chemicals. Recently, the
pyrolysis and in-line reforming route for hydrogen production has gained atten-
tion, with several studies published over the last years [30, 31, 57]. In this scenario,
the optimization of the process operating conditions is essential for its industrial
implementation.

Thus, the following section shows the results obtained in the reforming of HDPE
derived pyrolysis volatiles carried out using the configuration described above, i.e.,
the conical spouted bed reactor for the pyrolysis step and the fluidized bed reactor
for the catalytic steam reforming step. The aim of this research was to study how
different operating conditions affect the reforming of HDPE pyrolysis volatiles. The
parametric study includes the effect of temperature, space time and steam/plastic
(S/P) ratio on the conversion, hydrogen production and the yields of the products
both at zero time on stream and over time, taking into account the evolution of
these results as a consequence of the catalyst deactivation.
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3.1 Parametric study of HDPE pyrolysis and in-line reforming

The results obtained in the parametric study carried out at zero time on stream
are described below.

3.1.1 Effect of temperature

This section deals with the effect the reforming temperature in the 600-700°C
range has on conversion, hydrogen production and gaseous products yields at zero
time on stream. The operating conditions selected to carry out this study have been
the following: (i) temperature in the pyrolysis step has been 500°C; (ii) a high space
time of 16.7 g stalyst Min gHDpE_l (corresponding to 12.5 g of catalyst); (iii) steam/
plastic (S/P) ratio of 4. These conditions have been established in order to avoid
operational problems. The space time value has been given as the amount of catalyst
used by mass unit of the plastic fed into the pyrolysis reactor. High value of space
time (16.7 geatatyse Min gHDpE_l) has been used in order to ensure high initial conver-
sion of the volatiles coming from pyrolysis step and ensure a slow deactivation of the
catalyst. Moreover, using a S/P ratio of 4 catalyst stability is guaranteed, given that
coke gasification is favored and at the same time hydrogen production is increased.

The gaseous products quantified are as follows: H,, CO,, CO, CH, and light
hydrocarbon fraction (C;=~C,4), composed mainly of ethylene, ethane, propylene
and propane. The unreformed liquid fraction in the volatile stream coming from
pyrolysis step has been called Cs, fraction. This fraction is conventionally called tar
and should be removed in order for the product gas to be used as synthesis gas or
conduct a further separation to isolate hydrogen.

The evolution of the conversion and hydrogen production with temperature
is shown in Figure 2a and b shows the evolution of gaseous products yields with
temperature. In order to quantify the results obtained in the reforming step, some
reaction indices have been defined. The conversion is defined as the carbon conver-
sion efficiency, i.e., the percentage of carbon moles contained in the plastic feed
that are recovered in the gaseous products. Figure 2a shows that the conversion
is greater than 94% in the temperature range studied. In addition, an increase in
temperature enhances the reforming reaction, achieving a conversion of 98% at
700°C. Therefore, at this temperature only 2% of the carbon fed, which is in the Cs,
fraction of the product stream, remains without transforming into gas. It should be
noted that, at the temperature range studied, the conversion of hydrocarbons enter-
ing the reforming reactor (mostly waxes as aforementioned in the previous section)
is almost full. This trend is characteristic of steam reforming reactions [29, 58],
which is because the endothermic hydrocarbon reforming reactions and cracking
reactions are enhanced as temperature is increased.

Another interesting index for quantify the results obtained is hydrogen produc-
tion. This index is calculated as the mass of hydrogen produced per plastic mass unit
fed into the pyrolysis step. Figure 2a shows the evolution of hydrogen production
with temperature. The production of hydrogen increases with temperature, reach-
ing a value of 373 wt% at 700°C. In fact, as temperature is increased the endother-
mic reaction of reforming is favored, enhancing hydrogen production. Based on
the mass balance of hydrogen, approximately 63% of this hydrogen is formed from
steam and the remaining 37% from the plastic. This hydrogen production is slightly
higher than that obtained by Czernik and French [31], 34 wt%, in their study of
pyrolysis-reforming of PP.

The increase in conversion and hydrogen production with temperature in the
catalytic steam reforming of municipal solid wastes [59] is explained because all
the endothermic steps involved are favored: (i) initial pyrolysis of waste; (ii) char
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(a) Evolution of HDPE conversion and hydrogen production with temperature; (b) effect of reforming temperature
on product yields. Reaction conditions: Tyyrelysic 500°C; space time, 16.7 gearane Min grpps * and S/P ratio: 4.

gasification reactions; (iii) cracking and steam reforming of the tar. In the latter
case, the increase in temperature enhances the endothermic reactions of reforming,
as well as cracking.

Figure 2b shows the effect reforming temperature in the 600-700°C range has
on products yields. Product yields are the reaction indices defined for the assess-
ment of the reforming step performance. The yield of C containing individual
compounds is defined by mass unit of plastic in the feed, and the hydrogen yield
is a percentage of the maximum allowed by stoichiometry, which accounts for
the hydrogen coming from the polymer and the steam. Figure 2b reveals that an
increase in the reforming temperature leads to an increase in the yields of hydrogen,
from 78.1% at 600°C to 85.7% at 700°C. Simultaneously, it is observed that tempera-
ture increase favors the formation of CO, obtaining a yield of 29.2% at 700°C. The
effect of temperature on the CO, yield is lower, since it remains constant due to the
shift in the equilibrium of the water-gas shift (WGS) exothermic reaction.

The increase in the yield of hydrogen and CO is because an increase in the
reforming temperature favors the reforming of waxes, light hydrocarbons and CHs.
Thus, although CH,, C;==C, and Cs, yields are very low in the whole temperature
range studied, a slight decrease is observed as temperature is increased, obtaining
yields of 0.8, 0.7 and 1.9% at 700°C, respectively. This result indicates the reform-
ing of these compounds is enhanced selectively over their formation by cracking.
On the other hand, it must be taken into account that the WGS reaction is exother-
mic, and therefore its thermodynamic equilibrium shift towards CO formation by
increasing temperature.

3.1.2 Effect of space time

The effect the space time has on the reforming step has been studied in the
2.8-20.8 geatalyst Min gHDpE_1 range, by varying the amount of the catalyst, with the
plastic feed rate being 0.75 g min™". The remaining conditions are as follows:

(i) temperature in the pyrolysis step, 500°C; (ii) temperature in the reforming step,
700°C; (iii) S/P ratio, 4. As in the previous section, the effect of space time on the
conversion, hydrogen production and gaseous products yields has been studied.

Figure 3 shows the evolution with space time of conversion and hydrogen produc-
tion (Figure 3a) and of the products yields (Figure 3b). As observed in Figure 3a,
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(a) Evolution of HDPE conversion and hydrogen production with space time; (b) effect of space time on
product yields. Reaction conditions: Tyyriysic 500°C; Tyeformings 700°C; and S/P vatio, 4.

there is a sharp increase in conversion when space time is increased from 2.8 (68.3%)
t0 8.3 Zeatalyst Min gHDpE_1 (97.5%). An increase in space time above the latter value only
contributes to slightly increasing conversion, which is almost full (99.7%) for a space
time of 20.8 geatatyst Min gHDpE_l. Regarding hydrogen production, it increases from
18.6 wt% at 2.8 to 38 wt% at 20.8 geatalys: min gHDpE_l The production of hydrogen
increases more significantly in the space tlme range from 2.8 t0 8.3 getalyst MiN grppe -1
whereas in the 8.3-20.8 gcatalyst Min grppe range the increase is milder.

Figure 3b shows the effect space time in the 2.8-20.8 g,tlyst Min guppe range
has on product yields. By enhancing the extent of reforming reactions and WGS
reactions, the increase in space time increases the yields of hydrogen, CO, and CO,
whereas it decreases the yields of CH,, C;==C, and Cs,. An increase in space time
(Figure 3a) from 2.8 to 8.3 gcatalyst Min gHDpE_l leads to a pronounced increase in the
yield of hydrogen and CO, to 73.8 and 69.3%, respectively. In the mentioned range
of space time, the increase in CO yield is less significant, reaching a value of 23.2%
for 8.3 geatalyst Min gHDpE_l. Therefore, it seems that increasing space time in this
range the WGS reaction is selectively favored. It is also important to highlight the
decrease in the yields of CHy, C;=~=C, and Cs,, especially in the case of C;==C4 and
Cs,, whose yields decrease from 272 to 3.8%, and from 31.7 to 2.4%, respectively, in
the 2.8-8.3 geatalyst Min grppr range

For space times higher than 8.3 gc,t1yst min gupps ! thereis hardly any change in
the yields. However, in the case of hydrogen, its y1eld continues increasing, reaching
86.7% for a space time of 20.8 Beatalyst min gHDpE 1 On the other hand, an increase in
space time from 8.3 t0 16.7 gcatalyst MiN grpps hardly affects CO, yield, whereas it
leads to a slight decrease in CO, which reaches a maximum value of 29.3%.

The remarkable effect of space time on conversion and gaseous product yields is
well established in the literature in both the pyrolysis and reforming of plastics [60]
and the gasification and reforming of municipal solid waste [59, 61, 62], which is
explained by the enhancement of the reforming and WGS reactions.

3.1.3 Effect of steam/plastic (S/P) ratio
In this section, the effect S/P ratio in the 3-5 range has on conversion, hydrogen

production and products yields at zero time on stream is shown. The operating
conditions selected to carry out this study have been the following: (i) temperature
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of the pyrolysis step, 500°C; (ii) temperature of the reforming step, 700°C;

(iii) space time, 16.7 gcagalyst Min gHDpE_l. The effect of S/P ratio is directly related to
the steam partial pressure, thus the steam partial pressure in the reaction medium is
more significant when this ratio is increased.

Figure 4 shows the evolution of conversion and hydrogen production with the
steam/plastic (S/P) ratio (Figure 4a), as well as the evolution of products yields
with S/P ratio (Figure 4b). Figure 4a shows that in the S/P range studied conver-
sion is over 98%, reaching almost 99.6% with a ratio of 5. By increasing the S/P ratio
from 3 to 4, the effect of the ratio is not very relevant and, as mentioned above,
by increasing to 5 conversion is almost full. The reaction rate of the reforming and
WGS reactions are enhanced by increasing the steam partial pressure in the reaction
environment, which explains the high conversions obtained. Consequently, hydro-
gen production significantly increases in the S/P range studied, from 31.0 wt% for a
S/P ratio of 3 to 38.1 wt% for a S/P ratio of 5.

Figure 4b displays the effect S/P ratio in the 3-5 range has on product yields. It is
observed that an increase in this ratio leads to a progressive increase in the hydrogen
and CO, yields and a decrease in those of CO, CH,, C;=~C,4 and Cs,. This effect is
due to the higher concentration of steam in the reaction environment, which favors
the displacement of both hydrocarbons reforming reactions and the WGS reaction.
By favoring all the reactions involved in the reforming, an increase in the S/P ratio
enhances the yield of hydrogen and CO,, up to 92.5 and 80.9% for a ratio of 5.
Consequently, the yield of CO decreases to 18.1%. The yields of CH,, C;=~C4 and
Cs,, which are small for a S/P ratio of 4, decrease until becoming insignificant.

As observed, an increase in S/P ratio causes a positive effect on conversion and
hydrogen production; however, an excessive increase affects significantly on the
energy efficiency of the process.

Qualitatively similar effects of S/P ratio were observed in the pyrolysis-reform-
ing of PP [63, 64], LDPE and PS [63] and municipal plastic wastes [65], which isa
widely proven fact in the gasification of different polymeric materials [58, 66].

3.1.4 Catalyst deactivation

Knowledge of catalyst deactivation is essential for its choice, design of the
reactor and establishment of the optimal strategy for the operation of industrial
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(a) Evolution of HDPE conversion and hydrogen production with S/P ratio; (b) effect of the S/P ratio on
product yields. Reaction conditions: Tyiysic 500°C; Treformings 700°C; and space time, 16.7 geatalys: Min gHpPE -

77



Recent Advances in Pyrolysis

catalytic processes. It is well documented that coke deposition is the main cause of
catalyst deactivation in the pyrolysis-reforming of plastics [63, 67], as well as in the
reforming of hydrocarbons and oxygenates (methanol, DME, ethanol, bio-oil) [68, 69].
This deposition is especially important for Ni based catalysts.

The commercial catalyst used in this study does not undergo a significant Ni
sintering because it is designed to use in CH, reforming, which is a reaction carried
out at a temperature of around 850°C, i.e., higher than the highest used in this study
(700°C). The plastics used do not contain S, and therefore the deactivation cause
is the deposition of coke. Three different types of coke have been identified in the
reforming of CH, on Ni catalyst: pyrolytic, encapsulating and filamentous [70].
Numerous studies support this classification of the coke deposited in the reforming
of CHy, hydrocarbons and biomass derivates.

Wu and Williams [26] have verified by transmission electron microscopy
(TEM) that the coke deposited on Ni catalyst used in the production of hydrogen
by pyrolysis-reforming of PP is composed of two types of coke, amorphous and
filamentous, with the latter having similar characteristics as carbon nanotubes and
graphene (according to their graphitization degree). Considering the commercial
interest of filamentous coke for these applications, Acomb et al. [63] have studied
the simultaneous production of carbon nanotubes and hydrogen through pyrolysis-
reforming of PP, which improves the economy of the process and provides an
additional incentive for the viability of plastic recycling.

In this section, a study is carried out of the effect catalyst deactivation has on
conversion and product yields with time on stream. The reaction conditions used
are as follows: (i) temperature in the pyrolysis step, 500°C; (ii) temperature in the
reforming step, 700°C; (iii) space time, 16.7 g atayse Min gHDpE_1 and (iv) S/P ratio, 4.
The study has been carried out under conditions in which a slow deactivation of the
catalyst is observed, evaluating the effect of the incipient deposition of coke and the
evolution of this deposition up to 123 min of reaction.

Figure 5 shows the effect catalyst deactivation has on plastics conversion
(Figure 5a) and product yields (Figure 5b). As observed, whilst the reforming
reaction progresses with time on stream the conversion of plastics decreases due to
the deactivation undergone by the catalyst, decreasing linearly from 98.1% at zero
time on stream to 90.3% in 123 min. Besides, comparing the evolution of conversion
(Figure 5a) and the evolution of product yields (Figure 5b), the decrease in H, and
CO, yields decrease in a similar trend to that of conversion, as catalyst deactivation
hinders the reforming reaction, as well as the WGS reaction. Consequently, CH,,
Cy==C,4 and Cs, hydrocarbon yields increase. As observed in Figure 5, the conver-
sion and the yields of H, and CO, decrease linearly and those of CHy4, C;=~=C, and
Cs, hydrocarbons increase linearly. The lineal catalyst deactivation rate observed
should be attributed to: (i) high temperature favoring the kinetics of reforming
reactions due to their endothermic nature, which leads to a low concentration of
hydrocarbons in the reaction medium, and therefore low coke deposition rate
(low catalyst deactivation); (ii) high temperature enhances the gasification of the
deposited coke and so minimize catalyst deactivation [68].

As aresult of reforming activity decrease, CH,, C;=~C, and Cs, fraction yields
increase over time, which is more noticeable as the molecular weight of the hydrocar-
bons increases. This trend is explained by the reforming of Cs, hydrocarbons in parallel
with the thermal cracking of these compounds towards CH, and C;=~C,. Consequently,
as reforming rate decreases due to catalyst deactivation the thermal cracking reactions
are favored. This cracking phenomenon is well known in deactivated catalysts and is
more important as the molecular weight of aliphatic compounds is higher [71].

It is established in the literature that paraffin capacity for coke formation is
greater as their molecular weight is higher [72]. Similarly, the capacity for coke
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(a) Evolution of HDPE conversion with time on stream; (b) evolution of product yields with time on stream.
Reaction conditions: Tyyriysic 500°C; Treformings 700°C; space time, 16.7 Geatatyss Min guppe 5 S/P = 4.

formation of ethylene and benzene, is higher than that of paraffin compounds [71].
It is also well recognized that the coke formed on a Ni catalyst at high temperature is
more filamentous and with less capacity for blocking Ni sites [68, 71].

Figure 6 displays a temperature programmed oxidation (TPO) profile of the
coke deposited on the catalyst after 123 min reaction. Moreover, an average coke
deposition rate has been quantified in order to calculate the extent of coke deposi-
tion. According to the TPO profile obtained, it has been determined that the average
coke deposition rate is 0.7 mgc,ge gcatalyst_l gHDpE_l. Furthermore, two different
peaks may be observed in Figure 6, which are evidence of two cokes of different
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Figure 6.
TPO profile of the coke deposited on the catalyst.

79



Recent Advances in Pyrolysis

nature and location on the catalyst. The main peak appears at 550°C and accounts
for a partially structured coke, whereas the second peak at 430°C corresponds to an
encapsulating coke, which is deposited on the Ni metal.

The encapsulating coke is deposited close to the actives sites, which promote
coke combustion. Furthermore, this amorphous structure hinders the adsorption
of reactants, which increases the concentration of non-converted hydrocarbons in
the reaction environment, and consequently deactivates the catalyst. On the other
hand, the combustion of the partially structured coke occurs at higher temperature
due to the further location of the coke from the metallic sites, thereby hindering its
combustion [63, 73]. This type of deposited coke corresponds to the filamentous
coke, which generally does not affect directly to catalyst deactivation, as it does
not block the active sites [69]. However, when its content is severe, it blocks the
active sites, hindering the adsorption of reactants, and consequently increasing the
concentration of non-converted hydrocarbons in the reaction medium.

The aforementioned identification of two types of coke has been corroborated
based on the scanning electron microscopy (SEM) image of the deactivated catalyst
displayed in Figure 7. It should be noted that the nature of the coke deposited on
the deactivated catalyst at 123 min reaction is amorphous and fibrillary. Ochoa et al.
[74] demonstrated that coke content evolves with time on stream. In this evolution,
both types of cokes growth throughout time on stream with different rates, with
the one for filamentous coke being higher. However, it can be concluded that coke
deposition is more influenced by the growth of encapsulating coke, as has also been
established in the literature [75, 76].

3.2 Pyrolysis and in-line reforming of different plastics

Approximately 40% of the post-consumption wastes come from agriculture,
construction, automotive and distribution sectors, and the remaining 60% from
municipal solid wastes (MSW). Although the plastics only account for 7 wt% in
the MSW, its contribution is 20 vol% of the total MSW volume. Therefore, the
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Figure 7.
SEM image of the deactivated catalyst.
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thermochemical routes are of especial relevance for plastic valorization for obtain-
ing fuels or for the production of chemical products, such as hydrogen. Moreover,
the large scale viability of these processes will presumably require the joint valo-
rization of different plastics from MSW. Accordingly, this section deals with the
valorization of plastics of different nature by means of pyrolysis and in-line reform-
ing strategy in order to evaluate its feasibility. Based on their production scale, the
following plastics were selected: high density polyethylene (HDPE), polypropylene
(PP), polyethylene terephthalate (PET) and polystyrene (PS). The operating
conditions selected to carry out this study have been as follows: (i) temperature of
the pyrolysis step, 500°C; (ii) temperature of the reforming step, 700°C; (iii) space
time, 16.7 gcatalyst Min gHDpE_l; (iv) S/P ratio of 4.

The hydrogen produced in the pyrolysis and in-line catalytic reforming of dif-
ferent plastics is shown in Figure 8a. As observed, the highest hydrogen production
is obtained when HDPE and PP are used as feed, 37.3 and 34.8 wt%, respectively,
followed by PS (29.1 wt%), which has a lower hydrogen content in its composition.
However, the oxygenated nature of the PET and the residue formed in its pyrolysis
step leads to a lower hydrogen production in the reforming step (18.2 wt%). Wu and
Williams [26] also observed lower conversion of PS pyrolysis volatiles compared
to HDPE in the pyrolysis and in-line reforming of different plastics. A hydrogen
production of 34 wt% was obtained by Czernik and French [31] in the pyrolysis
and in-line reforming of PP using two fluidized bed reactors. Namioka et al. [29]
performed the pyrolysis-reforming of PP and PS, with hydrogen production being
36 and 33 wt%, respectively. Recently, Saad and Williams [28] studied the pyrolysis
and in-line dry reforming of different plastics, obtaining hydrogen productions of
15, 76 and 2.5 wt% for PE, PS and PET, respectively.

It should be highlighted that the Ni catalyst used for the pyrolysis-reforming
process allows achieving a high conversion of pyrolysis products to gases (>98%),
with a space time of 16.7 g ,1ys: min gplasﬁc_l. This result is comparable to those
obtained in the literature on Ru catalysts. Park et al. [30] obtained a similar conver-
sion in the pyrolysis-reforming of PP, in a continuous regime system consisting
of fixed bed reactors at 400 and 630°C, respectively, and using a space time of
9.8 Zeatalyst Min gplastic_l. Based on this result, these authors note that the advantage
of using Ru catalysts instead of Ni is the reduction of the reforming temperature
by 70°C. Namioka et al. [29] extended the study using Ru catalysts to the pyrolysis-
reforming of PS, verifying that under the indicated conditions the differences

40 100

B, 0 C0, oI COmMCH, b
|-

Yields (%)

-
L7

Hydrogen production (wt %)
=3

w

HODPE PP PET HDPE PP PET Ps

Figure 8.
Hydrogen production (a) and product yields (b) in the pyrolysis and in-line reforming of different plastics.
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between the results for PP and PS are small. However, the most used catalysts in
reforming processes are those based on Ni and Co, due mainly to its low cost in
relation to noble metals.

Figure 8b shows the product yields obtained in the reforming of plastic pyroly-
sis volatiles. It should be noted that the hydrogen yield is based on the maximum
allowable by stoichiometry, but those of the other compounds are given by C mole
unit fed into the reforming step. As observed, there is a considerable effect on H,,
CO, and CO yields. On the one hand, the product yields are similar for HDPE and
PP, as a consequence of the similar composition of the pyrolysis volatiles to be
reformed, with hydrogen yields being 85.7 for HDPE and 83.3% for PP, respectively,
and CO, yields of 67.4 and 64.6% and CO yields of 29.3 and 30.9%, respectively.

However, the distribution of the reforming products is different in the case of
PET due to the differences in the pyrolysis volatile stream, with CO, and CO yields
being of 29.3 and 9.9%, respectively. Thus, the product distribution in the reform-
ing step is as follows: hydrogen yield 94.1%, CO, yield 89.2% and CO yield 10.8%.
The high hydrogen yield and low CO yield obtained allow discarding the hypothesis
that the origin of the CO, is the thermal decomposition of the oxygenate com-
pounds. It is in fact produced by the WGS reaction, which is enhanced by the higher
value of the effective space time (by carbon atom unit) for this plastic. In addition,
it should be noted that yields of CH,, C;==C, hydrocarbons and non-converted Cs,
are lower than in the case of HDPE and PP, which is a consequence of the higher
effective space time used with this plastic.

On the other hand, the hydrogen yield obtained when PS is fed is similar to
that obtained in the cases of HDPE and PP, whereas the CO, yield is slightly lower
(60.2%) and that of CO slightly higher (39.8%). This result may also be associated
with the lower extent of the WGS reaction due to the lower effective space time
used in the case of this plastic.

It should also be pointed out that the results obtained for the PP and HDPE are
similar to those obtained in the literature using Ru catalysts [29, 30], although they
are obtained at lower temperatures (630 vs. 700°C) and using lower space time
values (9.8 vs. 16.7 g yalyse Min gplasﬁc_l).

4, Conclusions

The hydrogen production from plastic has been studied in a two-step process.
The first is the polymer fast pyrolysis and the second the catalytic steam reforming
of pyrolysis volatiles. The process has been developed in a bench scale unit operat-
ing in continuous regime. The conical spouted bed reactor has been selected for the
pyrolysis step because its features avoid operational problems and allow operating
at low pyrolysis temperatures (500°C), minimizing the energy requirement. It has
been observed that the yields and the composition of pyrolysis volatiles obtained at
500°C feeding steam are similar to those corresponding to the pyrolysis under N,
atmosphere.

The temperature, space time and steam/plastic ratio in the reforming step have a
great influence on the product yields and distributions obtained. An increase in the
three variables favors the reforming of the pyrolysis volatiles, obtaining a hydrogen yield
of 92.5% of that allowable by stoichiometry for a space time of 16.7 g.,¢1ys: min gHDpE_l at
700°C when a steam/plastic ratio of 5 is used. An increase in temperature in the 600-
700°C range increases the conversion from 94.5 to 98.1% and the hydrogen yield from
78.1 to 85.7%. However, the WGS reaction is hindered, which increases the CO yield.

An increase in space time causes a considerable increase in the conversion and yields
of H,, CO, and CO, and a decrease in the yields of CH,, C;=~=C, and Cs, hydrocarbons.
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Moreover, an increase in the steam/plastic ratio increases the hydrogen yield, by displac-
ing the reforming and the WGS reactions. The conversion obtained with a steam/
plastic ratio of 5 at 700°C and with a space time of 16.7 g ,¢1ys min gHDpE_1 is almost full
(99.7%), with a hydrogen yield of 92.5%.

The use of a fluidized bed reactor in the reforming step allows the operation
without problems. However, reaction rate decreases due to the deposition of coke
on the catalyst. As a result of this deposition, the specific surface and pore volume
of the catalyst decrease and the yields of non-reformed hydrocarbons (CH,, light
hydrocarbons (C;==C,) and Cs, fraction) increase with time on stream.

The individual valorization of the different plastics leads to conversion values
above 98% in all cases. The reforming behavior is similar for HDPE and PP. PET
leads to higher yields of H, (94.1%) and CO, (89.2%). In the case of PS, H, yield
is similar to those obtained when HDPE and PP (82.5%) are fed, whereas the CO,
yield is slightly lower (60.2%).
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Chapter 6

Synthesis and Characterization
of Forsterite (Mg,SiO,)
Nanomaterials of Dunite from
Sumatera

Ratnawulan Ratnawulan and Ahmad Faugzi

Abstract

The topics to be discussed are about the synthesis and characterization of for-
sterite nanoparticles (Mg,So4) from dunite rocks originating from West Sumatra.
This region is a meeting of two Indian and Australian plates that give rise to mineral
dunite with unique characteristics. Forsterite synthesis was carried out using calcina-
tions temperature variations namely 700, 800, 900, 1000 and 1100°C. Synthesis of
forsterite nanoparticles used the High Energy Milling Ellipse 3D Motion (HEM-E3D)
method with variations in milling time, i.e., 5, 10, 20 h. Characterization was carried
out using X-Ray Fluorescence (XRF) and X-Ray Diffraction (XRD) and Scanning
Electron Microscopy (SEM). The synthesis results explain the forsterite concentra-
tion in dunite rock, pure forsterite at optimal calcinations temperature, forsterite
nanoparticles at optimal grinding time and forsterite nanoparticle structure.

Keywords: forsterite, nanoparticles, dunite, HEM-E3D, milling time

1. Introduction

Forsterite is a magnesium silicate crystal with the chemical formula Mg,SiO,
derived from the olivine mineral group [1]. Olivine is a group of minerals composed
of iron (Fe) and magnesium (Mg). The olivine mineral is green, with luster, formed
at high temperatures. This mineral is commonly found in basalt and ultramafic
rocks. Rocks whose overall minerals consist of olivine minerals are known as dunite
rocks [2, 3].

Forsterite is often used as an electronic component because it has a low coef-
ficient of thermal expansion and electrical conductivity [4]. Besides that, forsterite
has superior properties, namely chemical stability at high temperatures [5] and high
electrical properties so that it can be used as a coating for the back, edges, and front
of iron and steel [6-11].

Iron and steel are widely used in industry and property such as building materi-
als, ships, electronic equipment, etc. But in its use, steel is easily corrosion. To
overcome this corrosion problem, a lot of research continues. One of them is by
soaking the steel with an anti-corrosion solution. But the results are not yet suitable
for achieving commercial applications. The reason is that the particle size of the
anti-corrosion powder used is relatively very large, giving rise to new problems,
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namely iron and steel which look uneven and homogeneous so that it disrupts
appearance or esthetics.

Nanoparticle technology brings fresh air in an effort to increase the resistance
of steel to corrosion. With a very small particle size, the problem can be solved.
Nanoparticles are very fine so they are homogeneous. The use of nanoparticles is
widely applied in various fields, including industrial fields such as paint, health,
etc. Nanometer-sized materials have chemical and physical properties that are
superior to large (bulk) material [12]. Nanoparticles have several advantages,
namely having a larger touch surface area so that the bond between one particle and
another is easy to form, and the mechanical, optical, and chemical properties of
the material can experience significant differences with the properties of the sized
material micrometer [13].

The advantage of forsterite made in nanometer size is that it is very strong,
hard, and resilient at high temperatures, and is waterproof, corrosion resistant
and has very active chemical properties that add durability when used for iron and
steel coatings. Economical studies of nanoforsterite or nanomaterials are far more
economical than conventional [14].

Forsterite nanoparticles can be made chemically and mechanically. Chemical
methods are co-precipitation, solvothermal, sol-gel, solid state, and others. The
mechanical method is by using a ball mill [15]. The advantage of using mechanical
milling is a simple and effective method for growing solid crystals (the size of crys-
tal grains becomes small) without going through chemical reactions that require a
long time in the process of nanoparticle synthesis [15].

Forsterite nanoparticle synthesis has been carried out using synthetic samples
with the milling method [16-18]. The crystallite and grain size obtained from the
synthesis of nanoforsterite can be seen in Table 1.

Table 1 shows the grain sizes of different forsterites resulting from several
different research treatments. Size the forsterite nano single phase is formed after
40 h of milling and heating the temperature is 1000°C with a holding time of 1 h.
The grain size of the Forster produced is a range between 0.1 and 2 pm [16]. The
synthesis of forsterite nanoparticles was then continued using talc and magnesium
oxide by the same method [17]. The variation in milling time is increased to 60 h
with a heating temperature of 1200°C. The grain size obtained is less than 500 nm.
Another study also uses a milling process with a variation of 5, 10, 20, and 30 h
milling with temperature variations of 850-1100°C. Forsterite nanopowders were
prepared from MgO and SiO, mixtures by using a high energy ball milling method.
The results found that the average particle size was reduced to 147.4 nm [18].

Methods Ref. Milling Temperaturé  Crystalite 5ize  Grain Size
Time *c) {mm)

Milling 16 S min= 40 k 1000 49 0.1 -2 pm

Milling 17 1 min-60 h 1200 33 < 500 nm

|continued

using talc and

MAgNEsium

oxide

miaterial)

Milling 18 530 h B50-1100 - 147.4 nm

High Energy Current 5-40h 26-1100 18.78 345 nm

Milling Chapter

Table 1.
The crystallite and grain size obtained from the synthesis of nanoforsterite.
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Characterization using XRD found that there was still Fe and Cr with a low content
of 0.4256 and 0.5056%, respectively. Although many researchers have synthesized
forsterite nanoparticles, the results obtained are still contaminated with other ele-
ments even at low levels. Contamination of samples with other elements can affect
the nature of the final product.

This chapter discusses the synthesis and characterization of forsterite nanopar-
ticles using High Energy Milling Ellipse 3D Motion (HEM-E3D). HEM-E3D is a
unique technique that uses collision energy between crush balls and chamber walls
which are rotated and moved in a certain way. The advantages of High Energy
Milling is that in a relatively short time it can make nanoparticles (it takes several
hours, depending on the type of tool), nanoparticles are produced in relatively large
quantities. Besides that, the milling technique is one technique for growing solid
crystals without going through the vaporation phase or chemical reaction treatment
as is usually needed in the synthesis process in general.

2. West Sumatra and its geographical condition

The forsterite discussed in this chapter comes from dunite rocks originating
from West Sumatra. West Sumatra is one of the regions in the Indonesian archi-
pelago which has a fairly complex geological order. The West Sumatra region is
traversed by the equator (zero degrees latitude), precisely located in the Bonjol sub-
district of Pasaman district, because of the influence of this location, West Sumatra
has a trophic climate with high temperatures and humidity. The land surface
height between one area and another area varies greatly. However, physically, West
Sumatra is a region that is largely photographed by the mountains and the Bukit
Barisan plateau which stretches from the North West to the Southeast, 63% and the
area is a dense forest with elevations up to 3000 m above sea level.

The geographical condition of West Sumatra is quite unique which is partly
located in the lowlands and partly in the highlands, marked there are many moun-
tains, lakes, valleys/canyons, and rivers. This situation is due to its location at the
confluence of three plates, namely the Eurasian plate to the north, the Australian
Indian plate to the south and the Pacific plate to the east. The position of West
Sumatra which is near the collision of two large plates namely the Australian Indian
plate and the Eurasian Plate in addition to receiving negative consequences of natu-
ral disaster-prone areas also benefits, namely the emergence of sources of minerals
containing economic minerals to the surface, one of which is dunite rock. Figure 1
is dunite rock from West Sumatra.

Figure 1.
Dunite rocks from West Sumatra.
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3. Dunite rock and its characteristics

Dunite is the main ingredient of the Earth’s mantle and is rarely found in con-
tinental rock. Dunite is found when mantle rock plates from the subduction zone
have been elevated to the continental crust. Dunite formation takes place in condi-
tions that are dense or almost dense (at high temperatures) in a magma solution
and before it cools to this temperature, the rock is ready to unite to form a binding
anhedral olivine mass [19].

Dunite is a greenish-black rock and has a mineral composition almost entirely
of monomineralic olivine (generally magnesia olivine) [20, 21]. Its mineral acces-
sories include chromites, magnetite, limonite, and spinel. Olivine mineral is an
iron-magnesium silicate with its chemical formula (Mg, Fe), (SiO,4), has an ortho-
rhombic crystalline system, has no hemisphere, has a hardness of 6.5-7, specific
gravity 3.27-4.37, has a gloss light, and the color of this mineral is yellowish green
and grayish green. Olivine is one of the most common minerals on the surface of the
earth and has also been identified on the surface of the Moon, Mars, and comets.
Olivine minerals are generally as rock-forming minerals and also as accompanying
minerals, in alkaline rocks such as gabbros, peridotite, etc. [21].

Dunite rocks naturally contain magnesium (MgO) and have a very alkaline pH,
which is around 7.5-9.5. These rocks can be used as basic fertilizer (natural) and
compound fertilizer. MgO is one of the most important elements for plants for pho-
tosynthesis, while the pH level of rocks can neutralize acid soils such as peatlands.
Because the magnesium content of dunite rocks is quite high, the fertilizer with
rock material will be very beneficial for agricultural and plantation activities.

Dunite contains 36-42% MgO and 36-39% SiO,. Olivine is a commercial source
of a combination of magnesia and silica used in metallurgy. The content will
increase if it is affected by an increase in temperature. The phase diagram of dunite
consists of two phases namely forsterite and fayalite. The characteristics of the
forsterite phase are melted at 1890°C and fayalite melts at a temperature of 1205°C
[22]. Ultramafic frozen rock is an igneous rock which chemically contains less than
45% SiO, from its composition. The mineral content is dominated by heavy miner-
als with elements such as Fe (iron) and Mg (magnesium) which are also called
ultramafic minerals [23]. The mineral composition and structural characteristics
of dunite mainly contain olivine minerals and always contain little brucite, spinel-
chromite, magnetite, and pyroxene. For comparison, dunites from South Turkey
have chemical compositions such as FeO: 7.05%, SiO,: 38.74%, MgO: 37.16%, CaO:
9.24%, Al,O5: 1.65% [24].

4. The olivine mineral

Olivine is the name of a group of rock-forming minerals found in mafic and
ultramafic igneous rocks such as basalt, gabbro, dunite, diabas, and peridotite.
Olivine is usually green and has a chemical composition ranging from Mg,SiO, and
Fe,Si0O,. Olivine has a high crystallization temperature compared to other miner-
als. Olivine is the first mineral that crystallizes from magma. Olivine crystals are
formed during the slow cooling process of magma and then settle in the bottom of
the magma kitchen because of its relatively high density. This olivine accumulation
can cause dunite-like rock formation at the bottom of the magma kitchen.

The minerals in the olivine group crystallize in the orthorhombic system
(Pbnm space group) with silicates, which means that olivine is nesosilicate. In an
alternative view, the atomic structure can be described as hexagonal, near oxygen
ions with half of the octahedral atoms bonded to magnesium or iron ions and
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Figure 2.
Crystal structure of olivine [12].

one-eighth of tetrahedral occupied by silicon ions [12]. The shape of the olivine
crystal structure can be seen in Figure 2.

5. Forsterite and its characteristics

Forsterite is a member of the olivine mineral prepared by Mg and Si. The general
formula is Mg,SiO,. Figure 3 shows the shape of the forsterite crystal structure.

Figure 3, Mg atoms are shown in purple, Mg2+ green, Si4+ white, and O2— pink.
The radius of the Mg atom is 1.6 A, Mg2+ is 0.75 A, Si4+is 0.4 A, and 02 is 1.35
A. A common characteristic of forsterite is the orthorhombic crystal system with
the dimensions of cellsa # b # ¢, wherea = 4.79 A; b = 10.19 A; ¢ = 5.85 A with
a = B = y = 90° and space group Pbnm and density (g cm™) is 3.275 [26].

Forsterite has a low electrical conductivity making it ideal for electronic
materials. In addition, forsterite has a high melting point which is equal to 1890°C

Figure 3.
Crystal structure of forsterite [25].
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which indicates that forsterite is a refractory material and ceramic manufacturing
application because it has good chemical stability and a low coefficient of thermal
expansion [27].

6. Nanoparticles technology

The nanoparticle technology is a material technology that deals with the creation
or synthesis of small particles in nanometers (one per billion meters). The purpose
of this technology is to use it for a more efficient future life. Nanoparticle synthesis
can be done in two ways, namely top down and bottom up. Top down is the making
of nanostructures by minimizing large material by mechanical activation, while
bottom up is a way of assembling atoms or molecules and combining them through
chemical reactions to form nanostructures. An example of a bottom up technology
is using sol gel techniques, chemical precipitation, and phase agglomeration while
top down method is grinding with a milling tool such as HEM-E3D [15].

The process that occurs during milling can be explained below. Mechanical mill-
ing is a simple and effective method for growing solid crystals (the size of crystal
grains becomes smaller) without going through the evaporation phase or chemical
reaction, as is usually needed in other synthesis processes [25]. This smoothing
machine is able to convert hard and easily broken samples into powder-shaped
analytical samples [14].

HEM-E3D is one tool used for mechanical alloys that use hard balls made of
carbon steel. HEM-E3D vibrates samples with engine shocks because milling is
used for a collision of kinetic energy in the sample. The speed of the media causes
a high amount of energy to form to collide with the sample. Various combinations
of media milling are used in HEM. A ratio of balls to powder, or BPR (Ball Powder
Ratio), usually also used to change milling parameters [28].

HEM-E3D is very good for reducing particle size. The nature of particle size
reduction and subsequent growth is the same as oxide analysis. In the milling
process, HEM-E3D works by destroying the powder mixture through the mecha-
nism of colliding milled balls that move to follow the movement pattern of the
three-dimensional elliptical container that allows the formation of nanometer scale
powder particles due to the high frequency of collisions. The high frequency of
collisions that occur between the mixture of powder and milled balls is caused by
the container rotating at high speed, which reaches 500 rpm, and the shape of the
spherical movement of the three-dimensional ellipse.

Milling with ball mill is used for pulverizing the powder into nanoparticles
because there is a grinding of powder on the surface of the ball when it collides with
another ball so that the impact size given by the ball is as big as the collision force
of the surface area of the ball. There are two collision paths where the material is
between two balls and pulverization where the material is exposed to the ball when
itis close to the cylinder wall. The interaction between the balls in the chamber is
shown in Figure 4.

Figure 4 shows the interaction between the balls in the chamber. The ball that
has a smaller impact area, will give greater impact so that the destructive ability
strengthens with the reduction of the touch area. Therefore, nanoparticle powder
is easier to form by using smaller balls. Besides that, the collision frequency is the
accelerating destruction factor.

The formation of forsterite nanoparticles using HEM-E3D will be more helpful
because this tool has several advantages including machines that can be used can
be used to do mixing, homogenization (uniformity), chemical mechanic (making
chemical-mechanical reactions), mechanical milling, mechanical alloys, and do an
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Figure 4.
Interaction between grinding balls in high energy milling [29].

emulsion. So nanoparticles will be produced by smoothing the material up to the
nanometer scale, high destruction rate, easy conditioning of the milling system so
that the mechanism of amorphization and nanoparticle formation process is faster
and more effective, becoming a tool for making nanopowder at low prices and
increasing efficiency and electronic systems integrated system includes a motor
controller, and a timer.

Process parameters that must be considered in the grinding process include
speed and time of grinding, comparison of ball weight to weight of powder, and
empty space in the grinding container. In simple terms, increasing the rotation
speed of the milling will increase the energy input to the powder. How fast the
rotation of milling is affected by the design of the instrument. Speed also affects
the increase in the temperature of the media milling. If the grinding speed is too
high, the temperature of the components in the grinding process will increase. This
increase in temperature can be advantageous for example when diffusion is needed
to produce homogenizes and fusion of powder. The disadvantage is excessive fric-
tion or collision of the milling equipment that carries contamination.

The rotation speed used is adjusted so that the milling process runs optimally. If
the rotation speed is set too fast, the balls will only rotate on the cylinder wall due
to centrifugal force. Conversely, when the rotation speed is very low, the impact
energy to destroy the material is not enough so that the process will last long.

The milling time needed also depends on the type of milling used, intensity
of milling, ball-powder ratio, and milling temperature. Long milling times from
the time needed will increase contamination and some unwanted phases will
be formed. Therefore, milling powder did not require a long time for sample
preparation.

In addition, the size of the ball greatly affects the efficiency of milling, where
generally large ball sizes (with high density) are more useful because greater weight
can transfer greater impact and kinetic energy to powder particles. While small balls
produce more friction, making it easier to form an amorphous phase. The resulting
grain size is also smaller when the ball used is small. In practice, a combination of
various sizes is often used. The use of the same size of balls can cause the ball to
rotate along the bullet path and not hit the surface of the powder randomly. The
larger the size of the ball used, the greater the energy when pounding, but when the
material is small, the collision will rarely occur because space, where the collision
occurs, becomes smaller and in the end, the process will not be optimal.

For small scale or laboratory, generally, the ratio of balls to the weight of
powder used is around 10:1, 10 g of balls and 1 g of powder, while for large scale
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Milling by pressing and crushing

Figures.
Concept of powder destruction at ball mill [29].

or industrial scale, the ratio of ball weight to the weight of powder used can reach
100:1. The higher the ratio of the weight of the ball to the weight of the powder
used, the shorter the frequency of impact.

The grinding procedure is a forsterite powder inserted into a metal chamber
with several steel balls in it that move continuously. The size of the milled ball used
in this process is a small milled ball with a diameter of 5 mm with a weight of 0.5 g.
The ratio of the weight of the milled ball to the weight of the powder in the grind-
ing container used is 10:1. For example, the weight of the milled ball is 150 g while
the amount of powder is 15 g. In the metal chamber, the balls will collide with each
other. As a result of this ball collision, the homogeneous powder that is inserted into
this tool will be crushed between the balls. This causes the particles to break. And so
on until it reaches the desired size [30]. Figure 5 shows the concept of destruction
of sample powder in the ball mill.

7. Synthesis of nanoparticles from forsterite

The synthesis of nanoparticles from forsterite discussed here comes from dunite
rock samples taken from the West Sumatra region, precisely at coordinates: 00°
09’ 01.1” LU and 99° 53’ 19.5” BT. Samples were sieved with 2.1 mm sieves to obtain
finer and homogeneous samples. The sample was then crushed for 3 min using bowl
mill so that the samples were finer and homogeneous. Samples were tested by X-Ray
Fluorescence (XRF) to see the composition of the compounds in the dunite. The
results of XRF are known to dunite rocks found in West Sumatra, Indonesia has a
composition of FeO: 11.12%, SiOy: 31.18%, MgO: 49.96%, CaO: 7.31%, Al,O5: 0.43%.
MgO content in this region is quite high when compared to Southern Turkey [24].
To get forsterite minerals from dunite samples, calcination was carried out with
temperature variations of 700, 800, 900, 1000, and 1100°C. Then the samples were
carried out X-Ray Diffraction (XRD) test to see the phases which appear for each
calcination temperature. From the results of XRD, it is known that the forsterite
phase at the optimum calcination temperature.

Samples with optimum calcination temperature are then taken to be further
synthesized into forsterite nanoparticles. Samples were weighed as much as 2 g and
milling balls as much as 20 g for each milling time. The type of milling ball used is
small carbon steel with 40 pieces which weigh 0.2 per fruit. Medium sized milling
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balls of 4 which weigh 0.5 per piece. While large milling balls as much as two pieces
weighing 3.55 g per fruit. The samples that have been prepared are then processed
using HEM-E3D with variations in milling time of 5, 10, 20, 40, and 60 h. The
length of the milling process in each cycle is carried out for 30 seconds, and then
the process is stopped for 1 min to avoid an increase in temperature and damage to
the milling device due to rising motor temperatures that are too high.

8. Calcination and the effect of calcination temperature on the raw
material structure

The characterization of forsterite nanoparticles was carried out using X-ray
Diffraction (XRD) and Scanning electron microscopes (SEM). XRD is used to
determine the structure and size of crystals of forsterite for each variation of
milling time. The crystal size of forsterite is calculated using the Scherrer formula,
D = 0.9 M/ cosB, where A was the wavelength of X-ray radiation, § was the full
width at half maximum (FWHM) of the peaks at the diffracting angle 6 [31]. SEM
is used to see the microstructure or morphology of forsterite and particle size. The
results of the XRD test from dunite raw material for each calcination temperature
variation can be seen in Table 2.

Table 1 shows the appearance of the forsterite phase starting at the calcination
temperature of 700°C. But at this temperature, other phases are still found, namely
fayalite, lizardite, magnesium iron silicate, olivine and enstatite. For the synthesis of
forsterite into nanoparticles, the sample taken is the result of calcination at a tem-
perature of 1100°C. The reason for taking this condition is the forsterite phase, even
though the olivine phase is still found. Through the HEM-E3D method with variations
in milling time, it is expected that the olivine phase can decompose into forsterite.

The XRD results for forsterite that have been milled for 5 h are shown in
Figure 6.

Figure 6 is a plot of the 20 diffraction angle on the intensity of the XRD pat-
tern of forsterite after being processed for 5 h. The figure shows that the sample is

Calinations’ Struchure
ternperatune Phase Space Crystal
(=C) ARY B C Grup System
28 Lizardite 5.31 531 751 PaumE  Hexagon
Magnedt 2.30 8.30 8390 Fd-3m Cubic
—00 Fayalite 4.76 1025 .09 Phnm  Crtharhom

Forsterite 508 10.19 4.76 Pmnk  Orthorhomn
Forsterite 4.76 10.21 5.00 Pbnm  Orthorhom

s00 Olivine 10.19 .08 051 P Anorthis
Lizardite 534 534 7.10 Pzim Hexagon
Farstarit 4.76 10.20 E.00 Phnm  Cwtharhom
900 :;E”b?m 4.76 1022 599 Pbam  Orthorhon
1000 Forstenit 4.76 10.21 5.08 Pbnm  Orthorhom
Olivine 1019 508 Q.51 P1 Angrthis
Enstatite  18.23 281 517 Pbea  Orthorhon
100 Forsterite 4.75 10,10 508  Pbnm Orthorhon
Olivine 1019 508 951 P1 Anarthis

Table 2.
Structure of dunite vaw material for each temperature variation of calcination.
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Figure 6.
XRD pattern from forsterite after being milled for 5 h.
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Figure?7.
XRD pattern from forsterite after being milled for 10 h.

dominated by the forsterite phase even though there are still other phases such as
silicon which appear at scattering angles 20 which are 26.63 and 47.2, and periclase
with a scattering angle of 74.74 with a small degree.

Furthermore, for samples milled for 10 h, the XRD pattern is shown in Figure 7.

Figure 7 shows the sample is still contaminated with phases other than forster-
ite. Forsterite milled for 10 h there are several phases, namely forsterite, periclase,
and silicon, but the phase concentration of the Periclase begins to decrease com-
pared to samples which are milled for 5 h. The dominant phase is still forsterite.

Furthermore, for samples milled for 20 h, the XRD pattern is shown in Figure 8.

Figure 8 shows the sample is still contaminated with other phases other than
forsterite. Forsterite milling for 20 h there are several phases, namely forsterite,
periclase, and silicon. The dominant phase is still forsterite.

Furthermore, for samples milled for 40 h, the XRD pattern is shown in Figure 9.

Figure 9 shows no other phases such as periclase, and silicon that appear other
than forsterite phase. This result is achieved after the sample has been milled for
40 h.

Based on XRD data analysis for each sample, it can be seen that variations in
milling affect the phase of the sample. The phase that appears after being given the
influence of milling variations for 5, 10, 20, and 40 h is shown in Figure 10.
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XRD pattern of forsterite after being milled for 20 h.
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XRD pattern from forsterite after being milled for 40 h.
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Figure 10.
Effect of milling time variation 5, 10, 20, and 40 h on the diffraction pattern of XRD results.

Figure 10 shows that at 5 h milling time, phases that appear forsterite, silicon,
and periclase. The crystalline system at 5 h milling time is orthorhombic for the
phosphoresce and cubic phases for the silicon and periclase phase. The crystallite
size for the forsterite phase is 53.80 nm. While at the time of milling 10 h there was a
clumping of grain size, so that the size of the crystallite became large i.e. 54.58 nm.
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Phases that appear at 10 h milling time are forsterite, silicon, and periclase.
Crystalline size at 20 h milling time is 21.69 nm. While at the time of 40 h milling,

the size of the crystallite is getting smaller to 18.78 nm. Changes in crystal size to
milling time can be seen in Figure 11.
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Figure 11.
Effect of milling time on crystal size.
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Figure 12.

Differences in the form of morphology in each milling time variation with a magnification of 33,000x. (a) 5 h,
(b) 10 h, (c) 20 h, (d) 40 h.

EEEBEE

[SET)

particle size ()
8

8

[=]

1} s 10 15 20 25 30 35 40 45
milling time (hours)

Figure 13.
Effect of milling time on grain size.
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The milling time is very influential on the surface morphology of the sample,
where the longer the process of milling is done, the smaller the particle size.

Figure 12 shows the morphology of forsterite powder with a variation of 5 h milling
time. 10, 20 and 40 h were taken using SEM.

In Figure 12, there are differences in the form of forsterite morphology at each
variation of milling time. At 5 h milling, the shape of the particles is round but not
evenly distributed. Whereas at 10 h the particles clot back causing a large particle
size. At 20 h the particle shrinks from the particle size to milling time of 10 h. The
shape of the particles has seen a little round shape but has not been flat. At the
time of milling 40 h the particle size has decreased and there are already smaller
particles than before but the particles are not evenly sized. The grain size of forst-
erite particles for variations of milling time (a) 5h, (b) 10 h, (c) 20 h, (d) 40 h are
respectively 630, 717, 454, and 345 nm. The graph of changes in grain size to milling
time can be seen in Figure 13.

9. High-energy milling methods, and the effect of the different
parameters

The milling time parameter does not affect the crystal structure of forsterite, but
it affects the appearance of other phases with different crystal structures. HEM-E3D
is used for mechanical activation in samples using a speed of 500 rpm so that colli-
sions occur between milling balls so as to produce energy. The impact energy is used
to stretch or break the bonds of atoms in the sample. The longer the grinding time,
the higher the temperature on the collision of the milling balls. In the process, the
faster the ball mill rotation, the greater the energy produced and produces higher
temperatures [29].

High temperatures benefit in some cases that require a diffusion process to
support the integration process in the powder and reduce internal stress or even
eliminate it. However, in some cases, the temperature increase is very detrimental
because it can produce an unstable phase so that it will form other structures during
the milling process and the powder size will be larger. At high temperatures, the
crystal structure can grow quickly, but more defects in the crystals formed. The
lattice parameters of the crystal will also change due to crystal defects by the colli-
sion. The material that has been heated is then cooled slowly so that the atoms in the
material can be arranged regularly to occupy the lattices to form a crystal. At certain
times there will be a phase change.

The number of crystalline phases has quite a combination of atoms or groups
of atoms. The amorphous phase is relatively small because it does not have a long-
range order and the atomic arrangement is not clear. The phase difference that
occurs is inseparable from the influence of energy possessed by atoms for the diffu-
sion process. At a certain level of energy, atoms can stay away from each other. If an
atom has enough energy to break its bonds a diffusion process will occur [32].

Mechanical activation is related to the formation of material which causes
strain on the solid mixture. This is one form of mechanical alloying, involving
two constituent powders with heterogeneous size distributions that will affect the
material properties and mechanism of phase formation of a material. The process
looks simple, where different types of metals can bind through exchanging short
distances between atoms called atomic diffusion, this can happen if atoms have
enough energy to release bonds with the surrounding atoms so that they can move
from the original lattice position to the empty lattice position [33].

The explanation of the reduction in crystal size due to the increase in milling
time is that during the milling process of powder samples with variations in milling
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time there are four forces that occur in the material, namely impact (attrition), fric-
tion (shear), and compression (compression). With these four forces, the powder
can be destroyed by a milling device in the formation of powder into nanoparticles.
The size of the powder that has been crushed with a milling device becomes smaller
than the size of the original powder.

The results of characterization using XRD obtained a relationship of 20 with
intensity. Every variation in the milling time shows that peaks appear and disap-
pear and also the intensity decreases. The peak that disappears is because atoms in
other phases do not exist so there is no scattering of atoms by certain structures.
The measured intensity at XRD is the result of scattering intensity by certain atomic
structures. The magnitude of the relative intensity of the series of peaks depends
on the number of atoms or ions present and the distribution in the unit cell of the
material. The decrease in intensity is due to changes in the size of the crystal, this
change also causes the crystal structure of the forming element to change. The crys-
tal size obtained when the 40-h milling time is 18.78 nm. For comparison the size
of forsterite crystals obtained from talc (Mg3Sis)10(OH), and magnesium carbonate
(MgCO;) material is 33 nm [17].

When milling can measure the crystal grain size of the sample. This is because,
during the milling process, the powder particles will experience repeated processes
of destruction. When the milling balls collide with each other, the powder milled is
between the collisions of the balls so that the powder will deform and the powder
will disintegrate which will cause the grain size to be small and can also cause it to
become large if the grain has clotted.

Compressive forces (compaction) that occur in particles other than destroying
or breaking particles can also damage the pores on the surface of the particles, the
pores are damaged due to the compressive force, especially small diameter pores
that are very vulnerable to damage and disappear. In mills that are too long, par-
ticles can undergo agglomeration. After a long grinding and with very fine particles,
the coupling forces become larger, and the presence of chemical bonds or Van Der
Waals forces with bond strengths of 40-400 kJ/mol can make particles fuse or
agglomerate. Or if there are particles trapped and then given an impact force, the
particles can also be agglomerated. With the finer particles due to the long grind-
ing time, the distance between particles will be smaller and more contact between
particles will allow agglomeration to occur. Thus, on particles with porous surfaces,
agglomeration allows for the formation of enlarged pore diameters due to “pore
merging” due to agglomeration between particles.

Thus it can be explained by the increasing milling time used, the grain size of
powder particles will be smaller. This is what allows the formation of nanometer
scale powder particles due to the high collision frequency and the length of time the
milling is used.

The grain size at the time of 10 h milling is 717 nm, there is a little clump-
ing at 10 h milling time, while at 5 h 630 nm, when processed in 20 h the grain
size decreases to 454 nm, at the time of milling 40 h the size of the crystal again
decreased to 345 nm. The size of the grain increases during the milling time of 10 h
because the particles agglomerate again after the particles are broken or broken by
balls so that they are small and then group up to the milling time for 10 h this occurs
due to the powder that has been solved and has a small effect. Unified powder
causes large grain size, but at 20 h milling the grain size shrinks again because the
sample experiences collision forces with balls that have high energy so the powder
becomes eroded again and becomes small in size. In addition to the impact force,
the powder also experiences other styles such as attrition, friction, and compres-
sion. So that at the time of milling 20 h forsterite has reached the fracture point and
its size shrinks again.
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The milling time also affects the sample morphology. Each milling variation will
produce different morphological forms. The collision between the milling balls and
the powder repeatedly over time increases the milling time will make the particle
size of the powder will be smaller. The SEM results also show that the grain size
is getting smoother as the milling time increases. This happens because in HEM-
E3D there are collisions of milling balls with powder. Assault particles are trapped
between steel balls that are colliding. Furthermore, powders undergo microscopic
deformation and fracture processes (breaking) and welding (joining).

The forsterite particle size of the West Sumatra dunite has a grain size of 345 nm.
The size obtained has not reached below 100 nm. The milling process carried out
shows that forsterite powder has a tendency to agglomerate or clump, thus mak-
ing forsterite under 100 nm not yet reached. This is due to the ratio of the ball to
the powder used and also the speed of milling, and the length of time the milling
is used. The higher the ball mill rotational speed will increase the collision and
fineness of the powder, but if the speed has reached a certain level the fineness of
the powder decreases. Likewise with the ratio of the weight of the milling ball to the
powder, the variation in the number of pounding balls will also increase the colli-
sion contact area of the pounding and powder balls.

The difference in forsterite morphology is also seen in every variation of milling
time, this is because the granules have clumped between the grains with each other,
and the shape of the granules is round and uneven. Each increase in the variable mill-
ing time looks more like the morphology of the mixture, it appears that between the
grains with each other have merged with each other, and the fusion indicates the for-
mation of a solid solution on the powder. The increase in grain size in one of the milling
results is due to the agglomeration process. The agglomeration process is the process of
joining small particles into a larger structure through a physical binding mechanism.

The agglomeration process that occurs can also be caused by several things,
namely sample powder contamination with crushing ball material and jar. Even
though it has very high hardness, stainless steel on the crushing ball and jar will still
give contamination to the ground powder sample. The high grinding speed and long
grinding time cause contamination of the forming material of the crushing ball and
the jar can be said to be almost unavoidable. Furthermore, which affects the grain
size, namely the effect of the jar shape, the bottom edge design of HEM-E3D jar in
the form of a curve can cause the formation of a dead zone which is an area where the
powder is not grounded because the grinding media cannot reach it during milling.

10. Conclusions

In summary, has been described the synthesis and characterization of nanoparti-
cles from forsterite (Mg,SiO,) sourced from dunite rocks in West Sumatra. Forsterite
is obtained from dunite powder by giving calcination temperature. HEM-E3D is used
to obtain nanoparticles from forsterite. The results show that milling time affects
crystal size, grain size and morphology of forsterite. The higher the milling time,
the smaller the particle size of forsterite. The forsterite particle size obtained has not
reached below 100 nm. However, this result is better than previous research using the
same method. This is because forsterite powder has a tendency for agglomeration.
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Pyrolysis is an irreversible thermochemical treatment process of materials at elevated
temperatures in an inert atmosphere. It is basically a carbonisation process where an
organic material is decomposed to produce a solid residue with high (or higher) carbon
content and some volatile products. The decomposition reactions are accompanied in
general with polymerisation and isomerisation reactions. The end products of pyrolysis
can be controlled by optimizing pyrolysis parameters such as temperature and residence
time. Pyrolysis is used heavily in the chemical industry to produce many forms of
carbon and other chemicals from petroleum, coal, wood, oil shale, biomass or organic
waste materials, and it is the basis of several methods for producing fuel from biomass.
Pyrolysis also is the process of conversion of buried organic matter into fossil fuels.
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