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Thermal Destruction of Cellulose and Surrogate Solid Wastes
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The experimental and numerical studies presented here are on the thermal destruction behavior of cellulose
and surrogate solid waste. An experimental study was conducted in a controlled mixing history reactor with
plasma gas as the heating device. The effects of pyrolysis temperature, waste properties, residence time, and
gaseous environment surrounding the waste have been examined. Gas-generation rate, chemical composition, and
heating value of evolved gases as well as the solid residue remaining after the waste was exposed to prescribed
environmentduring pyrolysishave also been examined. Equilibrium thermochemical calculationswere carried out
with STANJAN and SOLGASMIX computer codes to provide information on the thermal destruction behavior
of samples of surrogate solid waste and its excursions at different temperatures. Calculated results show good
trends with the experimental data and can therefore be used as a guideline to describe the experimentally observed
results on the thermal destruction behavior of the wastes. The results show that the temperature and chemical
composition surrounding the waste are important parameters for the pyrolysis process. These parameters affect
destruction rate, solid residue remaining after pyrolysis, gas yield and its chemical properties, and pollutants and
metals emission. The results also show a signi� cant in� uence of waste properties and operational conditions on the
waste destruction characteristics and products formation.Cellulose and chosen surrogate waste showed signi� cant
differences in the thermal decomposition behavior and products formation.

I. Introduction

E NVIRONMENTAL catastrophes resulting from improper
treatment or disposal of different types of wastes have caused

increased public awareness of the growing problem of waste gen-
erated in all sectors of public, industrial, and government. Waste
minimizationand recyclingcan provideonly a partial solutionto the
growing problem. The United States generates approximately 200
million tons of solid waste every year ( » 4 lb/person/day), and this
amount is projected to increase at a rate of 1% annually.1 Therefore
stringentmeasures must be taken to provide a better and permanent
solution to the problem. The thermal destructionof wastes can pro-
vide an increasingly important role in this area. This includes the
applicationof three fundamentalreactingprocesses:pyrolysis,gasi-
� cation, and combustion.The existingdestructiontechnologiesthat
have been used include mass burn-type incineration, � uidized bed,
rotary kiln, molten salt bed, low- or high-temperature oxygen/air-
enrichedsystems, and low- or high-temperaturestarved-airsystems.
More recently, electric heating, microwave, and plasma-assisted
systems have also appeared.2 Thermal destruction offers distinct
advantages over the other methods as it provides maximum vol-
ume reduction, permanent disposal, and energy recovery, and the
byproducts can be used in several ways, such as building material
and roadbed construction.3 For certain waste streams under certain
conditions the byproduct material can be very hard. For example,
the titanium and nitrates present in the waste material can form tita-
nium nitrate at high temperatures,which is a very tough and strong
material. This can be possibleonly with a controlledprocess so that
the compound formed may be isolated from the other compoundsin
the byproducts. Of all the permanent treatment technologies, ther-
mal destruction provides the highest overall degree of destruction.
In addition, it provides maximum volume and mass reduction and
maximum energy recoveryand the byproductscan be nonleachable.

The disposal of municipal solid wastes has traditionally been by
means of land� lls ( » 83% of the waste generated) as the method is
most convenient. Some of the gases released by this method, e.g.,
greenhousegases, and volatile organic compounds are high and un-
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acceptable. In addition, the odors released into the environment are
unacceptable. Other methods for waste disposal include incinera-
tion (6%) and recycling (11%).4,5 The most common practice for
the disposal of municipal solid wastes therefore has been land� ll.
The land� ll disposal therefore creates the problems of odor, the
generation of toxic and other gases (e.g., CH4 and CO2), and the
intrusion of leachate generated from the land� ll site into soil and
groundwater.6 With the land prices continuouslyescalating and be-
coming scarce, in addition to the environmentalneeds, this method
is unsatisfactory. As for the thermal destruction, special interest in
air toxic organic pollutants and trace-metal emissions from incin-
erators came after the risk assessment � ndings toward human life.4

Some of thesemetals, e.g., Ar, Cd, Cr, and Be, are very hazardousto
humans in addition to being carcinogenic.In addition to the concern
over pollutants such as NOX , SO2, HCl, CO, CO2 , unburned hydro-
carbons (HCs) and particulates, the emissions of dioxins, furans,
volatile organic compounds, and metals have received increased at-
tention from many countries around the world.4 The concern over
pollutants,producedas byproducts as a direct result of the combus-
tion process,7 is common to all incineration systems.

Although several methods are being used to treat the wastes, in-
cineration has been widely used to provide the highest degree of
destruction1,2,4 for a broad range of waste streams, even though
combustion contributes to pollution. This study examines the ther-
mochemical behavior of cellulose and surrogate solid wastes. The
goal is to provide the further knowledge and tools to destroy solid
wastes while simultaneouslyproviding energy recovery and reduc-
tion of toxic byproducts.

The previous studies1,2,7,8 have shown that the formation of low-
molecular-weight gases at elevated temperatures leads to a reduc-
tion in the molal mass of the product gas mixtures (for example,
by more than 100% at temperatures approaching6000 K compared
with 1000 K). At these temperatures,destructionof the waste to the
molecular level occurs. Pyrolysis at elevated temperatures, by, for
example, plasma gas, is most suitable to thermally destruct the solid
wastes. Results also show that the gas compositionfrom pyrolysis is
signi� cantly affected by the temperatureand chemical propertiesof
the solid waste material. In addition, there is a dramatic increase in
the volumeof gas generatedand heatingvalueof the gas from pyrol-
ysis at pyrolysis temperatures above 3000 K. There is a 250–300%
increase in the volume of gas produced at temperatures approach-
ing 6000 K compared with 1000 K. The heating value of the gases
generated is increased by approximately 225–350% over the same
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temperature range. The amount as well as heatingvalue of the gases
can be controlled by means of oxygen enrichment to air. Based on
these observations, ultrahigh-temperature operating systems, such
as plasma arc systems, appear promising for the disposal of solid
wastes, in particular when the space requirements are of concern.
The volume of gas generated with combustion is much less with
oxygenthanwith normal air.9 However,high-temperaturechemistry
and chemical kinetics are not fully understood, and comprehensive
information on high-temperature chemical kinetics is lacking. A
thermochemical database for the solid wastes is required for the
advanced high-temperature thermal destruction system. Therefore
fundamentalstudies must be carried out to obtain basic information
on the thermal destructionof solid wastes. Most studies in the liter-
ature have been on systems so that any data at the fundamental level
will assist in providing good understandingof the thermal destruc-
tionprocess.Comprehensivestudiesrequiredetailsof chemistryand
� uid dynamicsfor both organicand inorganicportionsof the wastes.
However, our approach is to use cellulose and surrogate waste to
provide information on real wastes. It must be recognized that real
wastes have poorly de� ned spatial and temporal compositionso that
scienti� c information can be gained from only surrogate wastes.

In this paper experimental and numerical data are presented with
the objective to explore thermal destruction behavior of surrogate
solidwastes.The data are comparedwith cellulosebecausecellulose
represents the organic portion of the waste. The organic portion
(cellulose) representsa major componentof thewaste.Emphasis has
beenplacedon the pyrolyzedgas characteristicsas in� uencedby the
waste composition,pyrolysistemperature,andgaseousenvironment
surroundingthe solid waste. Special interest has been on examining
the effect of waste properties (as affected by presorting the waste)
and operationalparameters (surrounding temperature and chemical
composition) on solid residue and product gas composition during
pyrolysis by use of experimental and numerical studies.

II. Experimental
Experiments on the pyrolysis of cellulose were carried out in

a controlled mixing history reactor (CMHR), which is a plasma-
operated drop tube furnace capable of operating at temperaturesup
to 2500 K. A schematic diagram of the CMHR is shown in Fig. 1.
The graphite core reactor tube is 2 in. in diameter and 60 in. long.
The central test section of the reactor has two 24 in. long £ 3

4
in.

wide diametrically opposite windows that provide the desired op-
tical access to the test section in the reactor. In addition it has two
viewing ports of 1.25 in. in diameter located near the end of the test

Fig. 1 Schematic diagram of the CMHR.

section. The reactedness of the graphite core under reducing con-
ditions is negligible and that under oxidative conditions is less than
1%. The reactor is heated with a nominal 40-kW nontransferredarc
plasma torch. The desired gas temperature and composition within
the reactor is achieved by diluting the high-temperatureplasma gas
with some dilution gas. The dilution gases used include Ar, He, H,
N2 , air, CO2 or any mixturesof these, dependingon the type of envi-
ronment (inert, oxidizing, or reducing) to be used. The temperature
and chemicalcompositionof gas in the test sectionof the reactor are
therefore controlled. Particles of surrogate solid waste material are
allowed to fall in the downward direction in the reactor. A transpir-
ing wall water-cooled sampling probe, inserted from the bottom of
the reactor, intercepts the particle stream after a desired residence
time of particles in the high-temperaturezone. Gaseous and partic-
ulate products are isokinetically sampled at various axial positions
in the reactor. The reactor is allowed to move in a vertical direction
relative to the � xed position of the sampling probe. The residence
time of the particles in the high-temperature zone of the reactor is
therefore controlled.The reactor has the capability to examine wide
range of materials and particles sizes exposed to different residence
times, chemical environment, and temperatures.

A hot-gas preparation chamber located at the top of the reactor
allows for a thoroughmixing of the plasma gases with inert gases to
produce a uniform temperature and composition of the carrier gas.
The gas composition inside the reactor is controlled by varying the
amountof gas (suchas,N2 , Ar, O2) to thegaspreparationchamber.A
water-cooledfeedprobe is used to feed the surrogatesolidwaste into
the reactionchamber. This is located at the centerlineof the hot-gas
preparationchamber. The waste particles are thereforekept isolated
from the high-temperature environment until they are exposed in
the test section for their thermal destruction. The particle feeder is
essentially of a � uidized bed type. The solid waste particles in the
bed are elutriatedwith the carrier gas (Ar) and � ow through the bed.
The design enables good control over the particle � ow rate.

The transpiring wall water-cooled sampling probe design allows
one to collect the gases and solid residue material under isokinetic
conditions after the material has been exposed to high temperatures
for a prescribed residence time. The solid products enter the probe
where they are furtherquenchedwith Ar gas � owing radially inward
and then downward through the probe. This freezes the chemical
composition of the incoming material instantly.

A cascade impactor is attached to the sampling probe exit to
collect the solid residue for subsequent analysis. This provides in-
formationon weight loss as a functionof residence time of the solid
material in the high-temperature zone. The cascade impactor has
six stages that collect solid material according to bin sizes down to
0.2 l m. The cascade impactor therefore separates out the particles
into a number of size bins. The separation of the particles is ac-
complished when the collected gases (containing the particles) are
passed throughori� cesof successivelysmallersizediameter.Larger
particlesare inertiallycollectedon the � rst collectionplatewhile the
smallest size are collected on the last collection stage. The residue
gasesarepumpedbyU.S. EnvironmentalProtectionAgencymethod
23 sampling apparatus and then analyzed by on-line gas analyzers
and a gas chromatograph.

The thermal destruction behavior of both cellulose and surro-
gate solid waste has been examined. The surrogate waste stream
represents conditions wherein 90% of the food waste has been re-
moved from the waste stream for pulpingbefore thermalprocessing.
The chemical constituencyof the waste stream, although somewhat
simpli� ed, is quite realistic. The food waste entering the thermal
destructionfacility representsnonpulpable items such as corn cobs,
bones, and food residue contaminated with metal, glass, and paper
fraction of the waste. The steel component is mostly tin cans and
this has been simpli� ed to pure iron. This simpli� cation, although
unacceptablefor the slag chemistry, is reasonablefor examining the
thermal destructionbehaviorof the wastes. The glass fractionof the
waste has also been simpli� ed. The small amount of aluminum in
the waste has also been omitted. The alkali content (Na and K) was
generalized to Na2O, and the alkali earth content (Ca and Mg) was
generalized to CaO.
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After the bulk of the food waste (90%) has been removed from
the given solid waste, the waste material will have the following
composition: 6.75% food material (30% bone representing 75%
hydroxyapatiteand 25% organics and 70% food representing 50%
organics and 50% water), 62.22% paper (consisting of 85% cel-
lulose and 15% water), 16.4% steel (100% pure iron), 6.91% alu-
minum (100% pure), and 7.72% glass (consisting of 74.19% sil-
ica, 14.21% sodium oxide and 11.58% calcia). The above surrogate
waste has been examined here as complete surrogate or some sys-
tematic removalof some components from the waste. The elemental
composition of the surrogate solid waste and its excursionsare cal-
culated. The thermal destruction characteristics of this waste have
been examinedby use of equilibriumcodes and the plasma-assisted
controlledmixing reactor.Two equilibriumcodes (SOLGASMIX16

and STANJAN17) were used to determine the fate of the waste under
de� ned conditions, including those determined experimentally.The
results, shown in Table 1, are used to calculate the thermochemical
equilibrium conditions.

III. Results and Discussion
The organic portion of solid wastes has a carbon–hydrogen–

oxygen ratio similar to that of cellulose (C6H10O5)n , a polymer
that is widely present in nature.1,5,6,10 It is therefore expected that
the thermal destruction behavior of cellulose will provide useful
information on the organic portion of the solid waste. A pyrolysis
process can be represented as

hydrocarbons (waste) + heat ) gaseous products + solid char

The pyrolysis products include both gas and solid phases. For
the gas phase, it is mostly carbon monoxide (CO) and hydrocar-

Table 1 Elemental composition of surrogate solid waste (SSW)
and its excursions

Without Without Without Without Without
SSW paper food steel aluminum glass

C 25.02 4.00 25.20 29.90 26.87 27.11
H 4.83 1.31 4.65 5.77 5.18 5.23
O 41.71 19.40 40.72 49.89 44.80 41.30
N 0.13 0.33 0.00 0.15 0.14 0.14
Ca 1.24 3.29 0.68 1.49 1.34 0.66
P 0.28 0.74 0.00 0.34 0.30 0.30
Si 2.68 7.10 2.88 3.21 2.88 0.00
Na 0.81 2.13 0.86 0.96 0.87 0.00
Fe 16.40 43.40 17.59 0.00 17.62 17.77
Al 6.91 18.29 7.41 8.27 0.00 7.49

Fig. 2 CO, CO2 and HC concentrations in the gases produced during pyrolysis of cellulose.

bons (HCs). Experimentaland calculatedresultsobtainedhere show
that an increase in pyrolysis temperature results in the formation of
lower-molecular-weightHC gases as well as a decrease in the frac-
tion of solid residue. In contrast, the calori� c value and the volume
of pyrolyzed gases increase.

Pyrolysisexperimentson cellulosewere performedin the CMHR
with the plasma jet as heat source. The plasma � ow rate was set at
25 l/minute, and the plasma power was varied from 3.3 to 32 kW.
The temperature in the test section of the reactor was varied from
600 to 1400 K. The measurement results on the concentration of
gaseous species (CO, CO2, and HC) generated from the pyrolysis
of cellulose in the CMHR are shown in Fig. 2. The results are also
compared with the calculated results. The results show an increase
in CO and a decrease in CO2 and unburned HCs with an increase
in pyrolysis temperature. This is an indication of dissociation of
the cellulose into low-molecular-weight products (e.g., CO, CO2,
and unburned HCs) at high temperatures.The calori� c value of the
gases at high temperatures is high, thus indicating a good source
of energy recovery. Good trends were obtained between the exper-
imental and the calculated results, except for CO2, which had very
low concentrationsat higher temperatures.

The solid residue from the pyrolysis experiment was collected,
measured, and further tested to examine its characteristics. The
amount of solid residue collectedat different temperatures is shown
in Fig. 3. It can be seen that the amount of solid residue collected
decreases rapidly with an increase in pyrolysis temperature. This
is due to the high heating rate that results in lower activation en-
ergy and a larger preexponential coef� cient of the devolatilization
reaction.11 Further analysis showed that the solid residue from cel-
lulose pyrolysis is primarily pure carbon.

The devolatilizationreactionsduring pyrolysiswill be completed
only when the heat has fully penetrated the waste particle.12 ¡ 15

Therefore the size and the shape of the solid waste particles are
important parameters that affect the pyrolysis reactions. The fed
particles must have a characteristic size that is designed for a par-
ticular operating temperature, heating rate, and residence time.

Particle size and density are two important factors that affect py-
rolysis because they determine the particle velocity and residence
time in the CMHR. The effect of particle size and density was stud-
ied here by use of � ow visualization. The � ow visualization tests
were performed on cellulose and surrogate solid waste particles as
they traveled downstream in the reaction zone of the CMHR. These
tests provided the direct effect of temperature on residence time
of particles in the reactor. Particle imaging was performed in the
reactor with a charge-coupleddevice camera and framegrabber by
Global Lab Image software and a computer. Particle images were
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Fig. 3 Experimental results of solid residue produced during cellulose pyrolysis.

Fig. 4 Sample images of cellulose particles in the CMHR at different
temperatures.

taken under both nonburning and burning conditions. The � ow in-
side the reactor was laminar. Near-single particles were introduced
into the furnace so that the equivalence ratio was low (fuel lean).
Sample images are shown in Fig. 4. These images allow one to ana-
lyze theevolutionarybehaviorof solidparticles,both temporallyand
spatially, as they travel through the test section of the reactor. The
effect of particle size and density on the particle velocity, residence
time, and transport behavior can be extracted from these images. It
is found that, in general, larger cellulose particlesmove faster in the
reactor and therefore have a shorter residence time compared with
that of the smaller-size particles. The images also show a decrease
in velocity as the particles travel downstream, in particular under
the high-temperatureenvironmentof the reactor. As an example, at
a temperatureof 1286K, the velocityof a 440-l m celluloseparticle
changesfrom0.46 to 0.39m/s within the viewingareaof thecamera.
However, the velocityof a 400-l m particle is almost constant in the
same viewing area at low ambient temperatures.Some scatter in the
data (e.g., change in diameter for a given temperatureor velocity for
a given size) is attributed to the nonspherical nature of the particle.
The solidparticlesare nonsphericalso that the recordedimage plane
of the particle does not provide the true information on the particle
size. Furthermore, there may be some variation in particle density
that will then affect the particle velocity. Signi� cant differencesare
expected to exist between the particle and the surrounding gas that

will alter the particle kinetics. In this study no attempt was made to
determine the particle temperature. This effect is important for the
kinetics and will be examined in a future study.

The effect of moisture contained in the cellulose sample on gas
product generation during pyrolysis was examined. A sample con-
taining 75% cellulose and 25% water by weight was pyrolyzed in
the CMHR. The results showed a decrease in CO production and
an increase in CO2 and unburned HCs, see Fig. 5. This can be ex-
plained by the following water–gas shift reaction that is enhanced
at elevated temperatures (above 1000 K).

H2O + CO , CO2 + H2

This reaction affects the formation of CO and CO2 during pyrolysis
becausethe CO reactswith water to form H2 and CO2. The in� uence
of intermediate radical species (such as OH) can have an in� uence
on the above reaction.This in� uenceas well as the in� uenceof other
species was not considered because of the complex interaction of
various intermediate species.

Oxidative pyrolysis of cellulose containing moisture was exam-
ined in the CMHR to determine the presence of air, oxygen, and
moisture during the pyrolysis process. A test sample containing
75% cellulose and 25% moisture by weight was pyrolyzed in a
gaseous environment that contained 1.428 mol of air for each mole
of cellulose. Numerical calculations were performed according to

C6H10O5 + 3H2O + 0.3(O2 + 3.76N2) ) Products

The results show a reduction in CO and unburnedHC concentration
and a corresponding increase in CO2 production with the addition
of air and moisture compared with the pure pyrolysis case. The
calculated results showed similar trends (see Fig. 6).

The amount of pyrolyzedgases generated,as well their composi-
tion and heating value, is important for the design and development
of waste destruction systems and to control the emission of pollu-
tants.A signi� cant increasein both the heatingvalueand the volume
of gases producedduring cellulosepyrolysiscan be seen with an in-
crease in pyrolysis temperature (see Fig. 7). At temperaturesbelow
3000 K, large amounts of H2 and CH4 are found. At temperatures
greater than 3000 K there is a sharp increase in the H specie (atomic
hydrogen) and the C specie (carbon gas) formation that is due to the
thermal decompositionof CH4 , CO2 , CO, and other higher-molec-
ular-weight gases (see Table 2).

It should also be noted that no solid char residue remains at such
high temperatures. The increase of low-molecular-weight gases at
temperatures greater than 3000 K causes a dramatic increase in
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Table 2 Cellulose pyrolysis products at different temperatures, Mols/mol

Mols/mol of cellulose
T, K CH4 CO CO2 H2 H2O C(s) C(g) H

1000 0.08 4.43 0.18 4.64 0.20 1.30 1.53 £ 10 ¡ 25 1.71 £ 10 ¡ 7

1500 6.22 £ 10 ¡ 3 4.99 1.68 £ 10 ¡ 3 4.98 4.32 £ 10 ¡ 3 1.00 1.94 £ 10 ¡ 16 1.23 £ 10 ¡ 4

2000 9.74 £ 10 ¡ 4 5.0 6.49 £ 10 ¡ 5 5.0 2.93 £ 10 ¡ 4 0.99 3.33 £ 10 ¡ 10 1.14 £ 10 ¡ 2

2500 5.32 £ 10 ¡ 4 5.0 1.37 £ 10 ¡ 5 4.85 5.0 £ 10 ¡ 4 0.99 1.28 £ 10 ¡ 6 0.13
3000 1.17 £ 10 ¡ 4 5.0 2.83 £ 10 ¡ 6 4.46 1.82 £ 10 ¡ 5 0.99 5.71 £ 10 ¡ 4 1.08
4000 3.43 £ 10 ¡ 6 5.0 5.02 £ 10 ¡ 7 1.41 1.20 £ 10 ¡ 6 0.03 0.97 7.18
5000 2.66 £ 10 ¡ 10 5.0 1.57 £ 10 ¡ 5 0.14 4.13 £ 10 ¡ 6 0.00 1.0 9.71

Fig. 5 CO, CO2, and HC concentration in the gases produced during pyrolysis of 1 mol of cellulose and 3 mol of water in CMHR.

Fig. 6 Concentration of CO, CO2, NOX and HC in the gases produced during pyrolysis of cellulose with water and air addition in the CMHR.

the heatingvalue of the gas and overall volume of the gas produced.
Table3 shows themolal massof gasesproducedduring the pyrolysis
of cellulose at temperatures in the range 800–6000 K. It can be seen
that an increase in pyrolysis temperature signi� cantly reduces the
molal mass of the pyrolyzed gas mixture. The change in chemical
composition at various temperatures is shown in Table 2.

Calculations made with the SOLGASMIX16 and STANJAN17

chemical equilibrium codes were carried out for the pyrolysis of
surrogate solid waste and its excursions at different temperatures.

The number of species can be selected dependingon the data � le.18

However, in the present study only 20 species were considered for
the STANJAN code.The calculatedresults are shown in Figs. 8–10,
which includepyrolyzedgas composition(Fig. 8), gas heatingvalue
(or energy recovery, Fig. 9), and pyrolyzed gas-generation rate (or
solid residue fraction, Fig. 10) as affected by the pyrolysis tem-
perature. The results have been compared with those of cellulose
pyrolysis.The effect of temperature on gas composition, gas yield,
and gas heating value during pyrolysis of surrogate solid waste are



620 GUPTA

similar in trend to those obtained for cellulose pyrolysis. At tem-
peratures below 3000 K there is a large percentage of H2, CO, and
CO2 in the pyrolyzed gas.

However, at higher temperatures (greater than 3000 K) there is
a sharp increase in the H (atomic hydrogen), C (carbon gas), and
gaseousmetal formation that is due to the thermal decompositionof
H2 , CO2, CO, and other higher-molecular-weightgases, as shown in
Fig. 8. The increasein the generationof low-molecular-weightgases
at temperatures greater than 3000 K causes a dramatic increase in

Table 3 Molal mass of product gases from the pyrolysis of cellulose

Molal mass, kg/kmol of cellulose

Pyrolysis 800 2000 3000 4000 5000 6000
temperature, K

Gas molal mass 25.268 18.008 14.392 11.110 10.221 9.860

Fig. 7 Heating value and gas yield of the gas products from cellulose pyrolysis.

Fig. 8 Gas species generated from pyrolysis of surrogate waste 2.

the overall volume of the gas produced (see Fig. 10). Similarly, an
increase in heatingvalues of the gases produced was found with the
pyrolysis of surrogate solid waste at high temperature, see Fig. 9.
The resultsobtainedhaveshown that the initial compositionofwaste
material has a signi� cant effect on the thermal destruction process.
The removalof some constituentsfrom the waste results in different
productsofpyrolysisas wellas thermalandchemicalcharacteristics.
The results shown in Figs. 9 and 10 show that the presence of paper
in the waste provides a major role in both the gas yield and the
gas heating value from the pyrolysis of surrogate solid wastes. The
removal of paper from the solid waste causes a large reduction in
both the gas yield and the gas heating value. However, with the
steel removed from the waste, the gas yield is very close to that of
cellulose,whereas the heatingvalueof the gas is remarkablyhigher.
This indicates that the removal of steel from the surrogate solid
waste as a pretreatmentapproachprovidesa signi� cant measure for
an ef� cient thermal destruction of the solid wastes.
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Fig. 9 Heating value of the gases produced during pyrolysis of different surrogate wastes.

Fig. 10 Gas yield from pyrolysis of different surrogate wastes.

IV. Conclusions
The thermal destruction behavior of cellulose (C6H10O5 )n and

surrogate solid waste has been examined both theoretically and
experimentally. Theoretical calculations were conducted with
STANJAN and SOLGASMIX equilibrium codes. Experimental
studies were carried out with a plasma-gas-operated controlled
mixing history reactor. There was a general qualitative agreement
between the calculated results under equilibrium conditions and
those obtained experimentally. Pyrolysis temperature, surrounding
gas chemical composition, and waste composition affected the py-
rolysis behavior of surrogate solid wastes. At high temperatures
(>3000 K), large amounts of lower-molecular-weight gas species
(mostly atomic species) were generated. A signi� cant increase in
gas yield and gas heatingvaluewas also found at high temperatures.

The amount of solid residue remaining also decreases quickly
with an increase in pyrolysis temperature. This suggests lower
activation energy and a larger preexponential coef� cient of the
devolatilization reaction under high-temperature conditions. The

removal of metals from the surrogate solid waste yields pyroly-
sis behavior similar to that obtained for cellulose. However, the
removal of paper from the waste results in a reduction in both gas
yield and gas heating value. The results provided here are aimed at
providing guidelines for the design and development of advanced
thermal destruction systems.
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