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1. Introduction

Waste management is an important issue in both developed and developmmiges
nowadays. Today’s society uses, and quickly discards, a large volusmeiradreasingly
diverse range of polymeric materials. Organic wastes, sucledsulsber and plastic are
among the waste materials that represent problematiesvastone hand and valuable
potential as secondary raw materials on the other hand (Huangaagd 2007). Most
conventional chemical methods cannot deal with Municipal Solid Wk$&V) due to
the diversity of its composition, which range from simple thermaptasbd complex
thermosets and composites (Guddeti al, 2000). Nowadays MSW also contains
outdated computer parts and electronic items. Printed Circuit BR@E) are a major
part of the waste from electrical and electronic equipmentEl)Eutilization, recycling,
and final disposal of these products have become important issues (biugeitlLal,
2007).

Apart from the municipal solid waste, biomass generated fronou&aragriculture
residues (majority coming from rice and wheat straw, corn staitpn stems and
bagasse) are wastes, which are used as primary sources of fenetgmestic purposes
by low-efficiency methods of direct combustion (Shuangrehgl, 2006). Biomass is
often regarded as a renewable, storable and transportable emercg; & is available in
various forms such as wood, agricultural and forest residues, and garbhagas$s
energy is neutral with respect to €@mission, and can significantly alleviate the
greenhouse effect caused by fossil fuel consumption (Tang and Huang, 2005).

To alleviate part of our energy crisis and environmental degradatitvas become
imperative to make use of appropriate technologies for recovessofirces from non-
conventional sources like MSW and biomass residues. Pyrolysis arfitagiasi are

efficient ways for biomass utilization. However, the gas yialdmf conventional
pyrolysis technology is normally below 40 wt% of biomass feed haditcompanying
corrosion to the equipments caused by the high content of tar vaponednitaithe gas



phase is serious (Tamg al, 2003). These problems are difficult to overcome due to only
limited control of the product composition in pyrolysis and gasiboafprocesses.
Incineration of organic waste may utilize the energy contentrgénic waste but is
associated with the generation of S®O, and other hazardous emissions (Huang and
Tang, 2007).

Thermal plasma technology has been under active development for anhenglhe
technology is now well established in metallurgical processmajerials synthesis etc.
The extremely high temperatures generated by plasma torchespared development
of their application to waste processing, as they are capalsigroficantly decreasing
the waste volume to a non-leachable residue. By far the mpsttent application of
thermal plasma waste treatment is focused on the destructiorastibas wastes rather
than recycling because of economic issues. Nevertheless, m yeeas, the interest in
energy and resource recovery from waste has grown significaemid substantial
research studies on the use of plasmas in organic wadtedrtédhave been reported in
the literature (Huang and Tang, 2007).

Pyrolysis has the potential of transforming solid wastes inttulusecyclable products,
but conventionally leads to a wide spectrum of pyrolysis products, vanécdifficult to
be separated and utilized. Recently, attention has been paicdhoagdessisted pyrolysis
and plasma gasification. Guddedt al. (2000) used an inductively coupled plasma
technology for the depolymerization of the polyethylene. Huang @0&k3) used waste
rubber as the raw material for production of syngas.(@l HB) by thermal plasma
pyrolysis, and the combustible heat value of the produced gas waslJB¥®. Mang and
Huang (2005) developed a laboratory-scale capacitively coupled radjoehcy (RF)
plasma pyrolysis reactor for wood and char gasification. Shuangstirg. (2006)
developed a plasma heated laminar entrained flow reactor in avdstutly the
volatilization characteristics of biomass particles athflagating rates. Corn stalk and
wheat straw is used as a raw material. And very recentgmalgyrolysis method is
employed to recycle the metals and brominated compounds blended imieal mircuit
boards (Hung-Lungt al, 2007).

Plasma pyrolysis has a number of unique advantages over conventyoolgsip. It
provides high temperature and high energy for reaction. The reaatigiesis heated up
to a high temperature rapidly, and some reactions occur that do ppe@rain
conventional pyrolysis. It is an appropriate method for polymer psiolyit also
produces a gas with low tar content and high heating value, which caplEsiavell to
gas turbines for power generation or used as a synthesis gagdfogdn production
(Tang and Huang, 2005). There is a tremendous scope for applgsiga assisted
pyrolysis of assorted non-nuclear waste such as biomass, printed lboards, organic
waste, medical waste etc., for obtaining useful energy.

2. Plasma Properties

Plasma is considered by many to be the fourth state of maitknwihg the more
familiar states of solid, liquid and gas. A gas converts intgothema upon addition of



high energy. In other words, plasma is an ionized gas resultimy &o electrical

discharge (Huang and Tang, 2007). Gases will not conduct electmiodgr normal
conditions, but when a very high voltage is applied the insulating piepdregin to

break down. As electricity starts to flow through the gas itshep and it begins to
conduct more and hot plasma is formed. Well-known examples of plasmdke sun
and the lightning. However, these are examples of natural and uncontrolledl&an

made controlled plasmas have been used in industry for manyayehfer a number of
diverse applications, such as chemical analysis and the cuttingtafsn{David and
Peter, 2007).

Plasma, the state of matter formed by removing the bound electoonsatoms, is an
electrically conducting fluid consisting of charged and neutraligest The charged
particles have high kinetic energies. When the ionized spectb® iplasma, recombine
with the stripped electrons, significant amounts of energy in dh@ fof ultraviolet
radiation are released. The particle kinetic energy take®thedf heat and can be used
for decomposing chemicals. In addition, the presence of charged aitel eparticles
renders the plasma environment highly reactive, which can cathlymogeneous and
heterogeneous chemical reactions (Nema and Prasad, 2002).

There are mainly two types of laboratory plasma exist: (1) begnperature or fusion
plasmas, and (2) low temperature or gas discharges. High teorpeptdsma implies
that all species (electrons, ions and neutral species) areéherraal equilibrium state.
Low temperature plasma is divided into thermal plasma, alsodcallasi-equilibrium

plasma, which is in a local thermal equilibrium (LTE) state, and non-thermaig|adso

called non-equilibrium plasma or cold plasma. The state paranwterach type of
plasma are listed in Table — 1 (Huang and Tang, 2007).

Table-1. Classification of Plasmas

Plasma State Example
High temperature plasma Te=Ti=Th Tp= 1P K-10K Laser fusion plasma
(Equilibrium Plasma) ne 10°m*
Low Temperature Plasma
Thermal Plasma Te T ThT,=2x10K-3x10K Arc Plasma, atmospheric RF
(Quasi-equilibrium plasma ne 10°m* discharge
Non-thermal plasma T T, 3x10K-4x10K Corona discharge
(Non-equilibrium plasma) ne 10°m?

Te = electron temperaturd; = ion temperature], = Neutral temperaturel,, = Plasma temperaturg, =
Electron density

3. Plasma Generators

Thermal plasma generation can be achieved using a direct cur@no([an alternating
current (AC) electrical discharge or using a radio frequency) (iR&uction or a
microwave (MW) discharge. A DC arc discharge provides a high energyydanditigh
temperature region between two electrodes. RF plasma torchee unidluctive or
capacitive coupling to transfer electromagnetic energy fronRéhg@power source to the
plasma working gas.



3.1 DC Arc Plasma Generator

The DC arc plasma generator consists of a water-cooled émntystwith an auxiliary
copper anode surrounding it. The water-cooled anode cup is placed inofrdims
cathode. Both anode and cathode are surrounded by a magnetic field fdoh, w
produces an axial magnetic field parallel to both the anode and catkesleThe whole
torch assembly is mounted on a flange of around 100 mm diametside port. The arc
is initiated between the cathode and the auxiliary anode, and thesfetred to the
copper anode (Nema and Prasad, 2002).

DC arc plasma melting and waste treatment systems areatigm@iplemented as batch
processes due to their relatively short electrode lifetinieg average lifetime of the
electrodes ranges between 200 and 500 h of operation under oxidative conditions.
Product contamination can also occur due to electrode erosion. Thigrénasnted
conventional DC torches with refractory metal (tungsten) cathéaen being widely
used for the transferred-arc melting of reactive metals ascTi (Guddetet al, 2000).
Temperature in the core of the plasma plume can be greater than 30006r&as in the
marginal zones, the temperature decreases rapidly and the avpeagkng temperature
can be as high as 5000 K (Huang and Tang, 2007). Arc torches anddelecre usually
water cooled to maintain temperature. DC torch systems may poofstray-arcing’
which has reportedly led to sufficient leakage of torch cooling wate the furnace to
warrant replacement of the dc torch by a simpler hollow gragletrode (Guddett
al., 2000).

In the presence of a sufficiently high gas flow; the plasmandstd&eyond one of the
electrodes in the form of a plasma jet. The design of trandfamd nontransferred arc
DC torches does not favor the injection of feedstock materiasthjiinto or through the
plasma region. Excessive loading of constricted plasma jet$eadnto physical and
electrical instabilities in the arc and even arc extinctioevel novel center-feed
hollow- or multicathode DC torches have been developed for plasmg spaiing
applications. These designs have not yet been scaled up to the poierdeguired for
processing waste and the ability to feed large amounts tefiadahrough the cathode(s)
without affecting the stability of the arc is questionable (Guddetl, 2000).

A special new-type plasma torch with a DC electric aabibzed by a combination of
argon flow and water vortex is developed by Van Gasal. (2006). The DC argon—
water stabilized torch with W—Th cathode generates an O—H-Ar plasim&xtremely
high enthalpy and temperature. The anode of the torch is a rotedbeg-cooled copper
disc, which is positioned outside the arc chamber downstream of tiredwit nozzle.
Additional argon was supplied into the anode chamber to protect the ayedstadhe
flow of reaction gases. The hybrid gas—water stabilization prowiuegossibility of
controlling the parameters of the plasma jet and the plasma cimpas a wide range
from high enthalpy, low-density plasmas typical for water-stadall torches to lower
enthalpy, higher-density plasmas generated in gas-stabilizedesor8oth the high
temperature and the composition of plasma generated in argon/eratezst are highly



advantageous for the waste treatment process. The other chstiacteature of this

hybrid torch is the very low mass-flow rate of plasma. As lavoant of plasma carries
high energy, the power needed for heating of plasma to reactiperatre is very low,

and the efficiency of utilizing plasma power for waste destads extremely high. The
torches with water stabilization have been utilized at indusiciale for plasma spraying.
Due to the physical characteristics of generated plasmapthgirsy rates and powder
throughputs achieved with these torches are several times highefothaassical gas-

stabilized torches (Van Oost al, 2006)

3.2 RF Plasma Generator

RF plasma generators are very compact and deliver extraorginigtl input energy per
unit volume. Unlike DC arc plasma torches, there are no locally temperature arcs,
no moving parts and no parts subject to wear. RF current and microwanebe
transferred through insulators, so the use of external electiogessible. In this way,
the electrodes are not exposed to the severe conditions of theasrabgland, therefore,
have a very long lifetime. RF plasma generators are commuailalble at power levels
of 100 kW. RF plasma generates a very diffuse plume, and thendekigxternal
electrodes favors the injection of feedstock material direntty or through the plasma
region. In RF plasma jet, the temperature at the central chesaaies up to 6000 K.
Table — 2 shows the typical comparison of the DC arc and RF plgsnesator (Huang
and Tang, 2007).

Table-2. Comparison of DC arc and RF plasma generat (Huang and Tang, 2007)

Item DC Arc Plasma RF Plasma
Temperature 5000 — 10000 K 3000 — 8000 K
Electrode erosion Yes (1000- 3000 h lifetime infineNo

gas and 200 -500 h in oxidatiye

conditions)
Cooling of plasma generator andRequired Required
reactor
Plasma ignition Easy Difficult
Plasma volume Small Medium
Gas velocity High High
Solid feeding position Downstream of plasma Upstred Plasma
Influence of solid feeding on plasmaNo Yes
stability
Efficiency of power supply devices| 60-90 % 40-70 %

A laboratory-scale capacitively coupled radio frequency (RF)m@apyrolysis reactor
working in reduced pressure has been developed by Tang and Huang (BO05).
capacitively coupled plasma process is operated at low pre@Eppoximately 3000—
8000 Pa abs) and a moderate gas temperature suitable for bpynagsis. The high
efficiency of plasma pyrolysis and the high efficiency oérgy utilization are combined
in their experimental design (Tang and Huang, 2005). Experimentdbbaneperformed
to examine the characteristics of this RF plasma reacitrtlde products of biomass
gasification. Typical experimental setup of the capacitivelypted radio frequency (RF)
plasma pyrolysis apparatus is shown in Figlt Tonsists of a radio frequency plasma
source with power output 0—2000 W and a matching network. The pyrodgsitor is a



cylindrical quartz tube surrounded by two copper electrodes, whichecpopler from
the RF power source to the gas as it flows through the tube.pHoe ®etween two
electrodes can be varied to optimize the structure of thé&redes. An inert gas Nis
entered in the reactor to purge oxygen and also serve as a wgasrtg generate the
plasma. For continuous in-flight gasification of biomass feedstockreavsieeder is
provided on the top of the quartz tube. A cyclone separator and aafétgarovided to
remove the char particles from the product vapor.
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Fig. 1. Typical experimental setup of the capacitiely coupled
RF plasma pyrolysis unit

Polyethylene is decomposed into their monomer by inductively coypésina (ICP)
technology by Guddegt al. (2000).The gaseous products obtained are mainly mixtures
of ethylene and propylene. The amount of propylene obtained was cagtiifi higher
than anticipated and was believed to be duedoission reactions occurring at the higher
plasma temperaturefCP torches are electrodeless, allowing use of a wider rahge
plasma-forming gases, including airp, ®,, and even hydrocarbons, such as methane,
along with Ar, Ar/H, Ar/He, Ar/N,, etc.

ICP torches utilize electromagnetic induction to couple etadtenergy from a power
supply into a toroidal discharge. The toroidal discharge in ICRmgshcts as a short-
circuited, single-turn secondary winding of a transformer ptir@ary winding being a
coil within the torch body. The RF energy is dissipated through ohnaitingeof the
plasmaforming gas, which reaches sufficiently high temperatti€sQ00 K or -1 eV) to
achieve a high degree of ionization. The discharge can be initiasederal ways: (i) by
reducing the pressure to ~10-30 kPa, such that spontaneous breakdown (ordys;



inserting an electrically conducting load, such as a graphite redthattorch to provide
a localized source of ionization through induction heating; or (iii) applying avultjage
Tesla coil to the central probe of the torch to generate a sphriéh when ignites the
plasma (Strattoet al, 1999).

ICP torches can be more readily scaled up to the high powés [exleMW) required for

high-throughput commercial systems and their continuous operation feaiadfby the

electrode erosion and current carrying/cooling limitations oftBChes. ICP torch and
power supply efficiencies are, however, generally lower than tledésBC plasma
systems. These are due primarily to the inherently lower eeaxgsfer efficiency of
induction heating and the lower efficiency of the high-frequency p@upplies used.
High-frequency (MHz range) ICP systems often utilize vacuum-dniven Class C-
tuned oscillators, which have inherent efficiencies of <50%, althougé efficient solid

state power supplies operating at frequencies up to ~450 kHz are mgnwbed in some
of the newer high-power ICP designs (Gudegtil, 2000).

4. Pyrolysis

The thermochemical conversion of biomass (pyrolysis, gasditatombustion) is one
of the most promising non-nuclear forms of future energy. It isn@wable source of
energy and has many advantages from an ecological point ofBetywu and Chaurasia,
2003b). Pyrolysis is the thermochemical process that converts biomass into liquid (bio-oi
or bio crude), charcoal and noncondensable gases, acetic acid, acetometizamol by
heating the biomass in the absence of air (Demirbas, 2001). Thepbasiomena that
take place during pyrolysis are: (1) heat transfer from @& beurce, leading to an
increase in temperature inside the fuel; (2) initiation of ygisl reactions due to this
increased temperature, leading to the release of volatilesharfdrimation of char; (3)
outflow of volatiles, resulting in heat transfer between the hot iledatnd cooler
unpyrolysed fuel; (4) condensation of some of the volatiles in thercpatts of the fuel
to produce tar, and (5) autocatalytic secondary pyrolysis ioeactdue to these
interactions (Babu and Chaurasia, 2003a).

Pyrolysis can be used as an independent process for the production ofensefyl
(fuels) and/or chemicals. Most biomass materials are cldyi@and physically
heterogeneous, and their components have different reactivities alud dyiferent
products. The overall process of pyrolysis can be classified i@y and secondary
stages. When a solid particle of biomass is heated in anaitmeosphere the following
phenomena occur. Heat is first transferred to the particle sulfparadiation and/or
convection and then to the inside of the particle. The temperatude itte¢ particle
increases, causing (1) removal of moisture that is present dhmass patrticle, (2) the
pre-pyrolysis and main pyrolysis reaction takes place. Tla bleanges due to the
chemical reactions, and phase changes contribute to a temperatliemgas a function
of time, which is nonlinear. Volatiles and gaseous products flow thrdwegpdres of the
particle and participate in the heat transfer process. Titodypis reactions proceed with
a rate depending upon the local temperature. During the pyrpiysiess, the pores of
the solid are enlarged, and the solid particle merely becomes ppoous because the



biomass converts into gases as discussed by Curtis and Miller .(1R89rding to
Anthony and Howard (1976), the enlarged pores of the pyrolyzing solid rothery
reaction sites to the volatile and gaseous products of pyrolydifagor their interaction
with the hot solid. Inside the pyrolyzing particle, heat i:draitted by the following
mechanisms: (a) conduction inside the solid particle, (b) convectiaieitiseé particle
pores and (c) convection and radiation from the surface of the [{Bi#dtu and
Chaurasia, 2003b).

Depending on the operating conditions, the pyrolysis process cdivided into three
subclasses: conventional pyrolysis (carbonization), fast pyrolgai,flash pyrolysis.
The ranges of the main operating parameters for pyrolyscegses are given in Table —
3. Conventional pyrolysis is defined as the pyrolysis that occursr itndw heating
rate. This condition permits the production of solid, liquid, and gaseousysgigrol
products in significant portions. If the aim is the production of madligiyid and/or
gaseous products, a fast pyrolysis is recommended. The achiewdrfesitheating rates
requires high operating temperatures, very short contact timesjeandine particles.
Flash pyrolysis gives mostly gaseous products due to high heatm@nd very small
particle size (Demirbas and Arin, 2002).

Table-3. Range of main operating parameters for pylysis processes

Parameters Conventional Pyrolysis Fast Pyrolysis ash-Pyrolysis
Pyrolysis Temperature (K) 550-950 850-1250 10500130
Heating rate (K/s) 0.1-1.0 10-200 >1000
Particle size (mm) 5-50 <1 <0.2
Solid residence time (s) 450-550 0.5-10 <0.5

4.1 Kinetic Schemes of Pyrolysis

Different classes of mechanisms were proposed for the pysobfsivood and other
cellulosic materials (Di Blasi, 1993). The models are cliaskiihto three categories:
one-step global models; one-stage multi-reaction models; and age-semi-global
models. The first category of models considers pyrolysis single-step first order
reaction.

Parallel reactions:
Virgin biomass — (Volatiles + Gases) (2)
Virgin biomass — (Chap) (2)

Secondary Interactions:
(Volatiles + Gaseg)+ (Char) — (Volatiles + Gaseg)+ (Char) (3)

The second category of models discuss those mechanisms, which ceimside&meous
and competing first order reactions in which virgin wood decomposesdifferent
constitutes of pyrolysis products, namely, tar, char, and gases (Reaction@f}L) &

The third class of models considers pyrolysis to be a two-stsgion, in which the
products of the first stage break up further in the presencecbf @her to produce
secondary pyrolysis products. Such models are presented for wéGlifmpanoset al.



(1991) [Reactions (1), (2) & (3)]. The scheme of reactions of Koufopanosels is
adapted by Jalan and Srivastava (1999), Srivagtaa. (1994; 1996) and Babu and
Chaurasia (2003a). Chan (1985) proposed a mechanism where volatiles famchear
by primary pyrolysis undergo secondary pyrolysis. The othiengpy reactions of
formation of char and gas from wood are parallel and competing katkat formation
reaction. Babu and Chaurasia (2003a-c; 2004a-c) did extensive modwlisgraulation
on pyrolysis. Kinetic Scheme proposed by Koufopagtoal. (1991) for the pyrolysis of
biomass based on the two-stage model is accepted and validated. ddieroposed by
Babu and Chaurasia (2004b) includes kinetic and heat transfeisdffe¢he shrinking
biomass particle. This model was again improved to incorporate simaaiia effects of
kinetics and transport of heat, mass and momentum (Babu and Chaurasia, 2004c).

Di Blasi (1999) proposed a mathematical model, which includes transbenomena
and chemical reactions for the pyrolysis of thermoplastic polyrfpaiyethylene). It was
found that depolymerization and melting are followed by devolatiiratiSurface
regression, property variation, heat convection and conduction were cedsidethe
proposed model. Simulations were carried out for external heating tioosdi
corresponding to fixed-bed reactors, hot-plate contact and fire-levelioadixposures.

Chao-Hsiunget al. (1997) performed the thermogravimetric studies of paper mixtares i
municipal solid waste. The pyrolysis kinetics of a mixture of fthe principal papers
(uncoated and coated printing/writing papers, newsprint, and tissug papeunicipal
solid waste (MSW) was investigated. The experiments wamedaout in a nitrogen
environment over the temperature range of 450 to 900 K at various cdredéing rates
of 1, 2, and 5 Kmifl. The pyrolysis of a paper mixture is described by a two m@acti
model as described below:

Papers Intermediates + Volatiles

Intermediates Solid residues + Volatiles
The experimental results were satisfactorily fitted by pineposed chemical reaction
kinetic equations.

4.2 Modeling of biomass pyrolysis

Several researchers have developed the mathematical models fas®ipynolysis. Fan

et al. (1977) developed a model for pyrolysis process, which includes hdamass
transfer effects in the particle. The reaction, however, is carside be first order with
respect to the initial particle concentration. The concentrasfoproducts cannot be
analyzed from the above model, as the secondary reactions are nd¢@mhdMiyanami

et al. (1977) incorporated the effect of heat of reaction in the above modéke model

of Bamford et al. (1946), the equation for heat conduction in a pyrolyzing solid is
combined with those for heat generation, assuming first order kinetmsever, the
effect of density as a function of time has not been considertb@ iabove model. This
model is modified by Kung (1972) in order to incorporate the effectsntefnal
convection and variable transport properties. However, no specifiecckmethanism is
suggested to predict the concentration of various components produced theing
pyrolysis process. Kang al. (1977) included the momentum equation for the motion of
pyrolysis gases within the solid. But, a suitable kinetic mechmhes not been utilized



by them (secondary reactions are not considered), and the solution heaheand
momentum balance equation is based on arbitrary boundary conditionsnéyarar
(1984) used the model of Bamfoed al. (1946) and dimensionless groups to define the
relative importance of the internal & external heat tranafet of the intrinsic pyrolysis
kinetics. They utilized the first order kinetic model based on dbaesity of initial
biomass. In the model of Koufopanesal. (1991), the effect of density as a function of
time is not considered while solving the heat transfer equatitem d&d Srivastava
(1999) have solved the heat transfer equation by neglectinff¢oe af specific heat and
thermal conductivity of char, which are the functions of temperatsreeported by
Koufopanoset al. (1991). The convective heat transfer coefficient is a functiomeof t

Reynolds and Prandtl numbers and is givenhby 0.322(k/I)Pr® Re®® W/m? K, as

reported by Koufopanogt al. (1991). Jalan and Srivastava (1999), however, have
considered that the value &f is constant at0.322 W/m? K, neglecting the effect of

other parameters. Di Blasi (1993, 1996, and 1997) pointed out that a detailgplott
model incorporating the kinetics, heat, and mass transfer effiectsecessary to predict
the effects of the widely variable physical properties (densitgrmal conductivity,
specific heat capacity) in the pyrolysis of biomass. Howeslez,used a different kinetic
scheme wherein the active cellulose is considered to be forseh antermediate
product. But as pointed out by Koufopareisal. (1991), it is very difficult to define
physically the components or composition of the intermediates, and censlgqt is not
possible to measure their concentration experimentally in owletest the model
rigorously.

In the present study, therefore, the model developed and modified by Babu andi&€hauras
(2003a, 2003c) using physically measurable parameters and ghacékplainable
kinetic scheme (Babu and Chaurasia, 2003b), incorporating the convaativiffusion
effects is presented.

4.3 Model Description of biomass pyrolysis

Babu and Chaurasia (2004c) proposed three models for the pyrolysis @fsbiomder
two categories namely, (1) Generalized reference model (Mpdahdl (2) Simplified
models (Model-1l & Model-11l). The three models are presenta@ Iheiefly for clarity
and continuity.

4.3.1. Generalized reference model (Model-I)
The generalized model incorporated all the possible effects ofidanéeat transfer,
mass transfer, and momentum transfer. The assumptions made in deyéhipimodel
are as follows:
(1) The thermal and transport properties (porosity, thermal conductsjtgcific
heat, mass diffusivity) vary with the conversion level.
(2) Heat transfer occurs by all the three modes (i.e., conduction, atamvend
radiation).
(3) Gas-phase processes occur under unsteady-state conditions.
(4) Transport of mass takes place by convection and diffusion of volatile species.
(5) Pressure and velocity vary along the porous sample.
(6) Local thermal equilibrium exists between solid matrix and the flowingsgase



(7) The system is one-dimensional.

(8) No moisture content and no particle shrinkage.
Utilizing the kinetic scheme as described by Koufopaebsl. (1991) and with the
assumptions as stated above, the generalized model (Modeblpised and reported in
Table — 4. The equations shown in Table — 4 are written in dimensdolass with the
help of dimensionless groups given in Babu and Chaurasia (2004c). Thisligeder
model, consisting of equations (12)-(28), which is the most comprehensive oagjed
as Model-1 (generalized reference model).

4.3.2. Simplified models

These simplified models include additional assumptions other than fthoske
generalized reference model (Model-I). Many a times, in pactituations, the
generalized models may not give good predictions. In such chees,is a need to relax
some of the assumptions made in the generalized models. Startinth&aeneralized
model, the following two simplified models are proposed by Babu and Gha(28®04c)
for specific cases.

4.3.2.1. First Simplified Model (Model-11)

The first simplified model (Model-1l) is proposed by making akiaonal assumption
that there is no bulk motion contribution (i.e. convective transportgtecied) to the
temperature profile and the product yield predictions. In this trewtaneonservation
eqguation for the mass concentration of (gases and vola{éeg)ation (13)] is modified
by neglecting the second term on left hand side. Hence, thesiimgtlified model
(Model-I1) consists of equations (12)-(23) and (26).

4.3.2.2. Second Simplified Model (Model-IIl)

The second simplified model (Model-I111) is proposed on the following aasumptions
concerning the practical applications: (1) The basic mode op$feainside the solid
particle in the process of pyrolysis is by conduction heat translg. (2) The effect of
porosity of the solid particle is negligible. Based on these assmapthe conservation
equation for the mass concentration of (gases and vola{ésg)ation (13)] and heat
transfer model [equation (17)] become:

ﬂa ~n ~nN,~n

ﬂtGl = k1CEsl - kscefccf (30)
M:EM + ﬂzq + Q" R2k1
@ x fx 9x° a (31)

Thus, the second simplified model (Model-1ll) consists of equations (3@), (14)-(16),
(31), (18), (20), (22), and (23). Interestingly, this is similar tontloelel proposed by the
Babu and Chaurasia in their earlier study (2003a), which meanshthajeneralized
reference model reduced to the model proposed by Babu and Chaurasia (R@3a)
specific conditions.



Table-4. Mathematical model

Koufopanos et al. (1991) mechanism

Virgin biomassB (n,order decay)

Reactioy \Reaction 2
Reaction 3

(Volatile + Gaseg)+ (Chary — > (Volatile + Gases) + (Char)
(n,order decay) r;order decay)

Particle model
Mass conservation for biomass, (gases and volatilesar), (gases and volatilesand
(char):

o kC2 - k,Cl 1)
1(Ce€") , MCet) _, b-11Cq , T°C Cr e
'lc'?tl ' ‘ﬂ(r51 = Dear r ‘ﬂrGl * ‘ﬂrzG b rkCq - €'k CCc (2)

et =igcp - kegen ©
ic iy (~
TGZ =k,CeiCc (4)
ic iy (~
TCZ =k,CEC (5)
Enthalpy:

i b-19T T°T 1Cs; T N

Tl rm)=k 22210 4 - Dt c 4 (-DH) - = 6
qpCorT)=k 20+ 0o - D Coag+ (- DH) - ©)
Initial conditions:

t=0; Cg=Cgp, C51=C51=C5,=Cc,=0.T(r0) =T, (7)
Particle boundary conditions:

t>0 r=0 Tay, T (8)-(9)

fir fr -
t>0; r=R, Dea ﬂCrGl = Kme1 (Co1o - Co1) (10)
t>0, r=R, K 1111—T =h(T, - T)+selr?-T4) (11)
r-r

(Contd...)



Table-4. Mathematical model (Continued)

Dimensionless forms of equations (1)-(11):

Conversion of biomass:

.- G /(M +1)

i=1

@]

B

Ty mn =
ﬂtB =- klcs?l - kzclz:11 (12)
e" ﬂ(_:el +£ﬂ661 - 5G1 b- 1ﬂ661 + ﬂZEGl + Rzkl(_:snl . e" Rzkséenfc_:cni (13)
Mm@ a x Le x X x> a a
ﬂc_: ~ ~NA~n
ﬂtCl = kzcgl - kacefccf (14)
Ve e as)
it
ﬂc_: ~n,~n
1-"(::2 =k3CGf CCi (16)
flg_b-11g , T¢ , QR% 1 5 1Co = = g
—=———" — Dgy—= Coo—- 17
i@ x X a Le ' qx PP qx (17
t=0; Cy =1, Ce;=C;,=Ce,=Cc,=0,q(x,0) =1 (18)
t>0;, x=0, 1Ce, =0, T _ (19)-(20)
I I
t- > O — N 1-[CG]. —_— ~ ~
; x=1 DGl X - Sr(cem - CGl) (21)
g :
t>0, x= — =-g8Bi 22
1 o 9Bl (22)
Koufopanoset al. (1991) correlation:
h = 0.322(k/I )Pr**Re’ (23)
Darcy law and state equation:
-.L1p (2)
m9ex
p = CGchT/\Nm (25)
Other relations:
e'=g"+g (1- C,), f =hf , + (- h)f.,, h=C,/Cyg, (26)-(28)

(29)




4.3.3 Numerical solution and Simulation

Equations (13) and (17) along with the initial abdundary conditions given by
equations (18)-(22) were solved numerically by téndifference method using pure
implicit scheme (Babu and Chaurasia, 2004c). Thee pmmplicit scheme is an
unconditionally stable scheme, i.e., there is nstriction on the time-step in sharp
contrast with the Euler and Crank-Nicholson metla@ddiscussed by Ghoshdastidar
(1998). The equations (12)-(17) are solved simelaisly. Equations (12), (14), (15),
and (16) are solved by the Runge-Kutta fourth ordethod with both the fixed step size
and the variable step size. It is found that thadeuKutta fourth order variable step-size
method (RKVS) is faster than the Runge-Kutta fountier method with fixed step size
(RKFS), as discussed by Babu and Angira (2005). BKxethod, however, does not
give the solution for a particular and fixed int@nof time. The discretized form of
equations (13) and (17) were solved by the Tri-Dred Matrix Algorithm (TDMA) also
known as the Thomas Algorithm (Carnaleral, 1969).

Babu and Chaurasia (2004c) carried out simulationthe temperature ranging between
303-2100 K and the equivalent particle radius nagdietween 0.0000125-0.011 m. The
pyrolysis rate was obtained by considering two l&r@rimary reactions and a third
secondary reaction between the volatile and gaspaaiicts and char. It is found that
the secondary reactions are responsible for cagbachment of the final residual. The
effects of the parameters such as heat of reactiwnber, thermal conductivity, heat
transfer coefficient, emissivity, and reactor terapgre were analyzed. The results
obtained from the model (Babu & Chaurasia, 2003&ewn good agreement with many
experimental results (Shafizadeh al, 1979; Pyle & Zaror, 1984; Scatt al, 1988;
Alves and Figueiredo, 1989) as compared to the inddegeloped by the earlier
researchers (Bamforét al, 1946; Jalan & Srivastava, 1999). It is found tiiae
production of (chag)is favoured by the endothermic reactiovisle the production of
(volatile & gases) is favoured by the exothermic reactions. It isoafound that the
conversion time becomes successively longer ashdenal conductivity of biomass
increases and/or emissivity decreases, thus aftetitie reactor throughput. It is observed
that the feedstocks with lower thermal conductiyatgduces a gas of better quality for a
fixed particle size. Babu and Chaurasia (20040) gksrformed sensitivity analysis for
most of the variables and it is found that conwvecheat transfer coefficient is the least
sensitive parameter and sensitivity for all theapaeters is highest for the slab geometry
and is lowest for the spherical geometry. The tesobtained by Babu and Chaurasia
(2004c) have a lot of practical importance and m&fssignificance in industrial
pyrolysis applications. The results are also imgrdriand useful for design of biomass
gasifiers, reactors, etc.

5. Thermal Plasma Pyrolysis

Thermal plasma pyrolysis can be described as tbheeps of reacting a carbonaceous
solid with limited amounts of oxygen at very higimperature to produce gas and solid
products. In the highly reactive plasma zone, thera large fraction of electrons, ions
and excited molecules together with the high-enemgiation. When carbonaceous
particles are injected into plasma, they are heagay rapidly by the plasma; and the
volatile matter is released and cracked giving tesdydrogen and light hydrocarbons



such as methane and acetylene. There are fouisstagebe distinguished in the thermal
plasma pyrolysis process:

Stage — 1.A very fast heating of the particles as a resultheir heat exchange with the
plasma jet.

Stage — 2.An explosive liberation of volatile matter from tparticles.

Stage — 3.A very quick gasification of the homogeneous phese rapid heat and mass
exchange.

Stage — 4.Further gasification of char particles with vari@aseous components.

A reaction scheme proposed by Huaatgal. (2003) for rubber pyrolysis in a dc arc
plasma can be divided in four stages as describkxaivb
In Stage — 1primary pyrolysis reactions take place and thiatile matter is released
including heavy hydrocarbons (tar), light hydroearb, and other gaseous components,
leaving behind solid char.

Rubbe ® char + heavyhydrocarbms +light hydrocarbms

+gas(H,,COCH, C,H, C,H, etc.)

In Stage — 2Tar get cracked and light hydrocarbon may alsmogpose
heavyhydrocarbins® light hydrocarbms +

gas(H,,COCH, ,C,H, ,C,H, etc.)
light hydrocarbovs® H, +CH, +C,H, +C,H, +C H

In Stage — 3light hydrocarbons may further decompose. Thagy&tcould be replaced by
guench technology in order to achieve certain teahrpurposes such as monomer
recovery.

In Stage — 4addition of water/steam could be effectively use@romote syngas ¢-hnd
CO) production.
char+H,O® CO+H, +solid residue

This could be one of the reasons for the obsemdtiat H and CO concentrations were
increased, and solid yield decreased with steaettion. The solid residue includes the
inorganic tire component, carbon black filler, aretbonaceous deposit (Huaagal,
2003).

Nema and Prasad (2002) proposed following reactionsthe plasma pyrolysis of
simulated medical waste.

CeH1005 + heat CH, + 2CO + 3HO + 3C

Cellulose

[-CH,— CH,-], + H,O + heat xCH; + yH, + zCO

Polyethylene

High temperature combined with the high heating rat the plasma results in the
destruction of organic waste, giving rise to a @gasl a solid residue with varied



properties depending on the feed characteristics agerating conditions (Huang and
Tang, 2007).

5.1 Reaction Mechanisms of plasma assisted Pyrolysis

The pyrolysis mechanisms of polymer molecules, Wwinay comprise tens of thousands
of atoms, are very complex. Pyrolytic reactionsen@een broadly classified into four
groups: random main-chain scission, depolymerinatmarbonization, and side-group
reactions. Random-chain scission is defined askbrgaof the main chain to produce

smaller molecules of random sizes. Depolymerizat®ndefined as the successive
removal of monomer units from the chain and leadthé formation of free radicals and
chain reactions. Carbonization and side-group i@astinclude those reactions, which
lead to cross-linking, straight chain polymer fotima by elimination of side chains,

cyclization, and aromatization by dehydrogenatidecording to free-radical chain-

reaction theory both chain scission and depolyraédm mechanisms involve initiation,

propagation, chain transfer, and termination reasti

Based on the standard Gibbs free energy changélsefoeactions, it is found that energy
requirement for carbon—carbon bond cleavage isthessthose for hydrogen abstraction.
At a given temperature, chain scission of C—C baatdhe ends of molecules is more
probable than at the center of the molecule. Basethe bond dissociation energies of
C—C and C—H bonds, it is found that the C—C and ®ehids to the allylic carbon are
weaker than the corresponding bonds in a pureaatiichain. These bonds arbonds
with respect to the double bond and their scissdmown as -scission. All chain ends
of heavy molecular weight polyethylene hawbond. Collisions between the polymer
molecules and electrons and ions from the plasntatan the -scission process in
plasma reactor. Propagation occurs through a sefiegactions which convert the
polymer fragments into reactants and, subsequetttlyinal products through radical
decomposition, radical isomerization, hydrogen dfan and/or radical addition.
Termination reactions occur when two radicals combor disproportionate to form
stable products (Guddett al, 2000).

The range of product compositions obtained willafepon both the relative sensitivity
of secondary versus primary reactions to changésnperature and the residence time
of the material within the high-temperature plasewgion.

5.2 Kinetic Modeling of Plasma Pyrolysis

Experimental studies on plasma pyrolysis have bmmmucted by many researchers
using variety of raw materials such as agricultueslidue, waste tyre, municipal solid
waste etc. (Guddeét al, 2000; Huanget al, 2003; Shuangningt al, 2006; Huang and
Tang, 2007; Hung-Lungt al, 2007). Understanding the physical phenomenaasnpa
assisted pyrolysis and representing them with gorogmpiate mathematical model is
essential in the design of reactors.

Shuangninget al. (2006) developed a plasma heated laminar entrdilogd reactor
(PHLEFR) in order to study the volatilization chetexistics of biomass particles at flash
heating rates. A simple kinetic model is proposedrider to predict the reaction rate for



wide range of operating condition and various bisses. The conversion process is
mathematically expressed by a following equation.

da £
_:A RT 1_
T AeT(L-a)

where a is the fraction of reactant decomposed at reseldimet. A andE are the
apparent frequency factor’jsand apparent activation energy (kJ/mol), respekj R is
the universal gas constant, 8.3145 (J/mol); T & dbsolute temperature (K) of the
pyrolytic process. The fractional reactantis defined as the ratio & to W , whereW

is the volatile mass fraction at timé/¥, is the maximum volatile mass fraction (in wt%).
The kinetic model presented here was fitted to élxperimental data and kinetic
parameters are found (Table — 5).

Table-5. Kinetic Parameters of biomass pyrolysis i@ction determined with PHLEFR

Raw Materials A (sh (10)) E (kJ/mol)
Wheat Straw 1.05 31.63
Coconut Shell 6.84 48.73
Rice Husk 1.19 39.30
Cotton stalk 2.44 40.84

Shuangninget al. (2006) studied the volatilization characteristifbiomass particles at

flash heating rates and developed and validatedkitiegic model and found the kinetic
parameters for the various agricultural residueswyéler this analysis is not reported in
the literature for other carbonaceous wastes andvels the model developed by

Shuangninget al. (2006) is not improved to incorporate the effeiftgarious parameters

such as feed rate, size of the particles, heatatg, rthermal and thermodynamic
properties (thermal conductivity, heat transferfftoent, emissivity and heat of reaction
number) of the feedstock on the convective-radigndlysis of biomass fuels.

6. Concluding Remarks

Thermal plasma pyrolysis is in the forefront of raod waste treatment. There is great
potential for development of thermal plasma pyrslysechnologies applicable to waste
management with energy and material recovery. Algho important experimental
studies have been carried out in recent yearsge thee still considerable technical
challenges to be faced in developing and modifgivegmal plasma pyrolysis processes
for industrial applications. Apart from the expeental investigation, kinetic modeling
and simulation is required to describe the plasgralypsis mathematically. It would be
useful to predict the product gas concentrationvaious operating conditions and for a
variety of feed mixtures. There is a great scopstofly in modeling and simulation of
plasma pyrolysis to design a suitable plasma pgrelseactor.



Nomenclature

ALA LA frequency factor,$

b geometry factor (slab=1, cylinder=2, sphere=3)

B virgin biomass

G, (gases and volatiles)

C, (char)

G, (gases and volatiles)

C, (char)

Cs concentration oB, Cg, at initial condition, kg

Cas concentration dB,, Cg,,at initial condition, kg rit

Cq concentration d€,, C,, at initial condition, kg rit

Cs, concentration dB,, C,, at initial condition, kg it

Ce concentration d€,, C,, at initial condition, kg

C, specific heat capacity, J R&K™

Coa heat capacity of (gases and volatile€} ,,, at initial condition, J mal K™
D,,D, constants defined by expressionskpand K, respectively, K
D.a effective diffusivity of (gases and volatiles)D,,for initial effective diffusivity, nf §
E, activation energy defined by expressior‘kgf, J mot*

h convective heat transfer coefficient, WPng™*

k thermal conductivity, W m K™

kal mass transfer coefficient of (gases and voktieross the film, m's
K., K, , K, rate constants;'s

| axial length of cylinder, m

L,L, constants defined by expressiond®and K, respectively, R
M total number of equations used in the simulatibthe model
n,n,,n, orders of reactions

p gas pressure, Nfm

P.P, variation constants of the parameters defined

Q heat of reaction number kg™

r radial distance, m

R radius for cylinder and sphere; half thicknessslab, m

R. universal gas constant, J mol

t time, s

T temperature, K

u gas velocity, ms

W, molecular weight of species i, kg ritol

X dimensionless radial distance

X conversion of biomass

b

[N



Nomenclature (Continued)

Greek letters
DH
Dt

O
X

m N © Q0 N

SN0

heat of reaction, J Kg

axial grid length

radial grid distance

density, 7 , at initial condition, kg
thermal diffusivity, ms*

dimensionless time
constant defined by equation (26)

normalized temperature

emissivity coefficient

void fraction of particle as defined by equat{@6), €," at initial condition
Stefan Boltzmann constant, W2rk™

permeability,

reaction progress variable

viscosity, kg rit s*

Dimensionless numbers

Bi,,
Le
Pr
Qll
Re
Sh

Subscripts

Jwr<—toa@

Modified Biot number

Lewis number
Prandtl number
Heat of reaction number

Reynolds number
Sherwood number

gas
initial

final

water vapor

light hydrocarbons
wood

mean
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