
Thermochimica Acta 409 (2004) 127–135

Heating process characteristics and kinetics of sewage
sludge in different atmospheres

L.F. Calvob, M. Oterob, B.M. Jenkinsa, A.I. Garćıab, A. Moránb,∗
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Abstract

The treatment of wastewater generates a by-product, sewage sludge, the disposal of which poses problems. There are, however, a number
of options for making use of this residue, including its conversion into a valuable fuel. The aim of this paper is to describe the process
of the heating of sewage sludge under different atmospheres of helium and oxygen and to obtain the kinetic parameters by means of
a mathematical model, a heating rate of 10◦C/min being used. Measurements were taken by thermogravimetry and mass spectrometry,
and proximate and elementary analyses were made of the sludges and their calorific values were determined. Visual observation of the
heating profiles shows four stages in the heating process, which have been characterized. The model proposed was found to adequately
describe the weight loss of the sludges studied, while making it possible to obtain the kinetic parameters for the differentiated stages in
the thermal process but not to establish any clear tendency of the evolution of these parameters with the increase in oxygen in the heating
atmosphere.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Sewage sludge disposal is becoming a problem due to the
increase in municipal wastewater treatment plants to comply
with environmental policy. In Europe, the implementation
of the Urban Wastewater Treatment Directive 91/171/EEC
will cause a major increase in sewage sludge production,
expected to be around 8–10 Mt dry matter per year from
2005 on, as the Directive requires the treatment of all sewage
discharges from towns with population equivalents of over
2000[1].

Many different possibilities for the disposal of sludge have
been studied, one of the most important being its use as a
fertilizer [2–4]. This route is becoming more and more re-
stricted for both regulatory and economic reasons. The con-
version of sludge into different materials such as activated
carbon has also been suggested by different authors[5]. It
has been reported, however that these alternatives will not
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be able to deal with the excess of sludge as required in the
short term[6].

As a result of all of these limitations, other disposal op-
tions have been studied. From the point of view of energy
the options mentioned imply a significant waste of sludge’s
power capacity. Although raw sludge cannot be used as
fuel because of its high moisture content, drying it may
be considered, because it contains significant amounts of
carbon and hydrogen. Many processes exist for converting
biomass like sludge into fuel, including biological and ther-
mal ones. The former produce ethanol or methane, and the
latter produce heat, solid, liquid, and gaseous fuels, and a
wide variety of secondary products[7–9].

As the process of thermochemical conversion of sewage
sludge requires exhaustive controls owing to problems
of high ash content, fouling and low carbon conversion
efficiency, a better understanding of thermal conversion
mechanisms is necessary before any successful industrial
application can be considered. Information on reaction ki-
netics would be a preliminary step to that end, and may
also be used to describe the mathematical formulation of
the reactions and modeling of reactor design[10].
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Numerous authors have reported kinetic data for fossil fu-
els[11–13], alternative fuels[14,15]and several solid wastes
[16,17]. However, the reaction kinetics of sewage sludge
have received a very little attention until recently. Only a
few papers have been published: Conesa et al.[18] studied
the pyrolysis and combustion of different types of sewage
sludge, and Otero et al.[19] analyzed the co-combustion of
sewage sludge and coal under different conditions. Again,
only a few papers offer kinetic data for sewage sludge heat-
ing in different atmospheres. For our study, helium and oxy-
gen were used to simulate the processes of combustion,
gasification and pyrolysis.

The aim of this paper is to describe the process of heat-
ing sewage sludge in different atmospheres of helium and
oxygen and to obtain the kinetic parameters by means of a
mathematical model.

2. Materials and methods

2.1. Materials

Representative samples of two kinds of urban sewage
sludge were used for this study, designated SLA and SLB.
SLA is obtained from the treatment of waste waters from
a large city (population about 1.5 million) and SLB comes
from a small city (population about 150,000). Both were
subjected to stabilization by the same kind of anaerobic di-
gestion as at their original sewage treatment plants and were
dehydrated by centrifugation, so any differences in analy-
sis and composition probably result from the dehydration
process.

The sludges were then ground to pass through a 0.2 mm
screen for feeding to the thermobalance. For the analysis
of some properties the material had to be ground to pass
through a 420�m screen.

2.2. Fuel analysis

Before thermogravimetric analysis the sludges were an-
alyzed to determine the main properties affecting thermal
conversion. Moisture content was determined gravimetri-
cally by the oven drying method The highest heating value
at constant volume (HHV) was measured using an adiabatic
oxygen bomb calorimeter. Fuel was previously sampled in
1 g amounts, pelleted in a hand press to 12.7 mm diame-
ter, and oven-dried to constant weight at 104± 3◦C prior
to analysis. Proximate determinations were made according
to modified procedures ASTM D 3172-D 3175 (Standard
Practice for Proximate Analysis of Coal and Coke); E 870
(Standard Methods for Analysis of Wood Fuels), D 1102
(ash in wood), and E 872 (volatile matter in wood); and the
methods for refuse-derived fuel (RDF)—E 830 (ash), and E
897 (volatile matter). Volatile concentration was determined
under inert conditions using a modified method for spark-
ing fuels in which samples in covered nichrome crucibles

were placed in the front part of the open muffle furnace
preheated to 950◦C for 6 min to dispel volatiles over a pe-
riod of more gradual heating, then brought to completion
in the closed furnace during an additional 6 min, removed,
and cooled under desiccant while still covered and weighed
immediately.

For knowing the weight fractions by element of the con-
stituents, sludge samples were sent to a commercial labora-
tory where standard methods were used.

2.3. Thermogravimetric and mass spectrometry
analysis

Thermogravimetric analysis was carried out using a TGA
Instrument SDT2960, which is able to provide a continuous
measurement of sample weight as a function of time or
temperature and also give a DTG signal (rate of weight loss)
when used with the appropriate software.

Samples weighing 6–8 mg were placed in a pottery cru-
cible and heated at 10◦C/min from ambient to 650◦C. To
simulate the combustion, gasification and pyrolysis pro-
cesses, five different atmospheres were used, all with a flow
of 100 ml/min. These were 100% helium, 90% helium/10%
oxygen, 95% helium/5% oxygen, 97% helium/3% oxy-
gen and 100% oxygen, and were, respectively, designated
Atm100, Atm90, Atm95, Atm97 and Atm0. CO and CO2
gas emissions were monitored with a Balzers GSD 300
mass spectrometry apparatus in line with the thermal anal-
ysis equipment. Instead of nitrogen, helium was used for
obtaining the inert atmosphere as N2 has the same molecular
weight as CO, making CO determination possible by mass
spectrometry. No appreciable differences were detected in
TG profiles.

2.4. Kinetic model

DTG curves are characterized for containing shoulders
and/or double peaks because more than one reaction is in-
volved. The best mathematical model for describing overall
decomposition is that of independent parallel reactions one
[16]. The material consists of several components, each be-
ing assumed to decompose independently of the others. The
kinetic equation for each single reaction can be described
by the following equations:

dωi

dt
= Ki e(−Ei/RT)(1 − ωi)

n (1)

ωi = m0i − mij

m0i − mf i
(2)

whereωi is the reacted mass fraction or normalized mass
for reaction i at time j; R the gas universal constant;T
the absolute temperature;K the frequency factor;E the
activation energy;n the order of reaction;m0i the initial
mass of the samplei; mij the sample mass for the reaction
i at time j; and mf i the final mass of the sample in that
reaction.
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The overall rate of conversion forN reactions can be de-
scribed by the following equation:

−dω

dt
=

N∑

i=1

ci

dωi

dt
(3)

whereci is a coefficient that expresses the contribution of
each single reaction to the mass global lost.

Eq. (4)allows us to calculate coefficientci after determi-
nation of the frequency factor, activation energy and order
of reaction by the following equation:

dω

dt
=

N∑

i=1

ciKi e(−Ei/RT)(1 − ω)n (4)

This model was carried out using Origin6.1. v6.1052(B232)
software. We used a non-linear least squares curve fitter
performing the Levenberg–Marquardt (LM) algorithm. The
way of defining the best fit is to choose the parameters so
that the sum of the squares of the deviations of the theo-
retical curve from the experimental points for a range of
independent variables is minimum.

For the optimization of the kinetic parameters the objec-
tive functions proposed by two different researchers were
considered, one by Conesa et al.[17] and one by Sørum
et al. [16]. These depend on the number of points consid-
ered in the model. It is not, however, possible to compare
their values because the authors do not specify any partic-
ular number of points. To avoid that dependence and given
that each run has different number of points to be fitted, this
will be the number to be considered. These authors’ expres-
sions have therefore been divided by the total of points used
for the fitting, to give expressions (5) and (6). Expression
(5) is obtained from Conesa’s expression and is described
as

OFCC =
∑

i

∑
j [(dω/dt)expij−(dω/dt)calcij/(dω/dt)max

expj]
2

N
(5)

where i is the value of the variable at timet for reac-
tion j and N the number of points considered in the fit.
Subscript “exp” represents the experimental values and
subscript “calc” the calculated values. Finally, superscript
“max” represents the maximum value obtained for the
variable.

Another objective function is obtained from Sørum’s ex-
pression and it is shown in the following equation:

Table 1
Sewage sludge propertiesa

Elemental analysis (%) Proximate analysis (%)

Sludge C H N S Cl O Moisture Ash Volatiles HHVb (MJ/kg)

SLA 36.2 4.5 5.6 1.1 0.1 14.7 7.9 37.9 55.0 15.4
SLB 22.7 3.3 3.1 0.9 0.1 16.1 3.9 53.8 42.9 9.5

a All values dry basis except moisture.
b High heating value.

OFSC =
∑N

i=1[(dω/dt)
exp
i − (dω/dt)calc

i ]2

N
(6)

Subscriptj denotes values of the variable at timet, N the
number of points fitted, superscript “exp” represents the ex-
perimental values and “calc” the calculated values.

Conesa’s modified objective function gives a value of the
relative dispersion to the maximum value of dω/dt because
the fit depends on that maximum value. Sørum’s modified
objective function would be similar to the regression vari-
ance of the fit, showing the dispersion of the experimental
values against the calculated values. Both have been divided
by the total number of points considered.

3. Results and discussion

SLB has a higher ash content than SLA content owing to
a more complete digestion process[22], meaning that the
maximum heating value of SLB sludges is lower than that
of SLA, so SLB would be less efficient as a fuel (Table 1).

3.1. Thermal analysis of the sludge heating process

Heating profiles at programmed temperatures for the five
atmospheres tested are shown inFig. 1 (SLA) and Fig. 2
(SLB). Atm100 is representative of a pyrolysis process,
Atm0 of combustion and the others of gasification.Tables 2
and 3show results of thermogravimetrical analysis, includ-
ing initial and final temperature of the reactions and the max-
imum DTG value with the temperature for each reaction.

A visual observation of the thermograms reveals four
stages in the sludge heating for which four different temper-
ature zones can be interpreted.

3.1.1. Drying
This stage can be observed in burning profiles showing

a loss of mass between ambient temperature at the begin-
ning of the test and about 150◦C, corresponding to a loss
of moisture and of the very light volatile materials[23].
In most thermogravimetric analyses, authors often overlook
this stage because of the very low moisture content of the
sample, so this stage will not be discussed in this paper.

3.1.2. Low temperature region
This stage begins between about 170 and 260◦C de-

pending on the heating atmosphere. The lowest temperature
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Fig. 1. SLA heating profiles.

required for devolatilization to begin is for Atm90, an atmo-
sphere that simulates a gasification process.

Except for SLB in Atm0, a double peak can be ob-
served in this stage, its first shoulder perhaps identified
with biodegradable materials, undigested organics and
dead bacteria, together with the emissions of semivolatile
compounds. The emission of organic polymers must be
represented in the second shoulder as they need higher tem-
peratures to devolatilize[22,23]. For SLB in Atm0, a single
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Fig. 2. SLB heating profiles.

peak is to be observed as heating takes place in a reactive
atmosphere and SLB has a lower volatile content.

The highest DTG values for SLA sludge in the first
shoulder are obtained in Atm100 at 285◦C and in Atm0
at 271◦C. In the remaining atmospheres, it is obtained
at intermediate temperatures. The same tendency can
be appreciated in the case of the second peak. This de-
crease in temperature required for the maximum DTG is
a consequence of the presence of oxygen in the heating
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Table 2
Results from thermogravimetric analysis for SLA sludgea

Atm100 Atm97 Atm95 Atm90 Atm0

LTR Peak I
T0 (◦C) 239 177 240 165 236
Tf (◦C) 327 303 323 330 306
DTGmax (%/s) 0.0373 0.0353 0.0326 0.0338 0.0344
TDTGmax (◦C) 285 280 280 284 271

LTR Peak II
T0 (◦C) 244 293 318 300 178
Tf (◦C) 491 366 342 361 437
DTGmax (%/s) 0.0434 0.0338 0.0323 0.0322 0.0408
TDTGmax (◦C) 333 330 330 331 308

MTR
T0 (◦C) 277 368 338 363
Tf (◦C) 64 503 506 500
DTGmax (%/s) 0.0197 0.0221 0.0202 0.0209
TDTGmax (◦C) 426 434 491 431

HTR
T0 (◦C) 399 401 390 374
Tf (◦C) 557 604 616 533
DTGmax (%/s) 0.0701 0.0811 0.0639 0.0582
TDTGmax (◦C) 505 509 505 458

a T0: initial temperature of the process;Tf : final temperature of the process; DTGmax: largest value of DTG in the considered process;TDTGmax:
temperature associated to DTGmax; LTR: low temperature region; MTR: medium temperature region; HTR: high temperature region.

atmosphere, as it is a reactive gas and facilitates devolatiliza-
tion reactions.

When the test is carried out on SLA sludge in Atm100,
DTGmax of first peak takes a value of 0.0373%/s, decreas-
ing as atmospheric oxygen content increases, so DTGmax in
Atm90, for example is 0.0320%/s. Nevertheless, in Atm0,

Table 3
Results from thermogravimetric analysis for SLB sludgea

Atm100 Atm97 Atm95 Atm90 Atm0

LTR Peak I
T0 (◦C) 262 251 258 246 193
Tf (◦C) 306 332 337 330 383
DTGmax (%/s) 0.0058 0.0279 0.0283 0.0274 0.0440
TDTGmax (◦C) 294 291 294 292 292

LTR Peak II
T0 (◦C) 202 249 265 252
Tf (◦C) 437 418 407 410
DTGmax (%/s) 0.0272 0.0304 0.0295 0.0296
TDTGmax (◦C) 320 335 337 332

MTR
T0 (◦C) 337
Tf (◦C) 537
DTGmax (%/s) 0.0118
TDTGmax (◦C) 437

HTR
T0 (◦C) 263 263 272 242
Tf (◦C) 573 568 577 528
DTGmax (%/s) 0.0176 0.0183 0.0168 0.0161
TDTGmax (◦C) 418 416 425 386

a T0: initial temperature of the process;Tf : final temperature of the process; DTGmax: largest value of DTG in the considered process;TDTGmax:
temperature associated to DTGmax; LTR: low temperature region; MTR: medium temperature region; HTR: high temperature region.

no such tendency is observed because the fourth stage starts
before second stage has ended. Therefore, DTGmax detected
at the second peak of devolatilization in Atm0 is higher
than in Atm90. The same trend is observed for the second
peak. The first peak is lower than the second one when the
test is run in an inert atmosphere, however, this difference
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decreases when the oxygen content of the atmosphere in-
creases, being inverted in Atm0. This can be explained by
emissions of organic polymers being more easily removed
when the heating atmosphere contains oxygen.

As for SLB sludge, two peaks can be observed except in
Atm0. At the first peak, no major differences can be appre-
ciated in the temperature at which DTGmax is obtained as
SLB has a lower volatiles content than SLA. At the second
peak this temperature decreases when oxygen is not a re-
strictive factor for combustion reactions. The DTGmax value
continues to fall as oxygen content increases as for SLA.
The relationships between the two peaks are similar for the
two sludges.

3.1.3. Medium temperature region
A third stage occurs during or after the low temperature

region. Weight losses, represented by several peaks, may
be produced by reactions between char and volatiles from
previous stages[20]. Non-degradable compounds like cellu-
losic material may also react in this stage[21]. For analysis
this stage has been considered as a single reaction.

For SLA sludge, this stage can be differentiated in all
tests which have helium in the heating atmosphere. It starts
at 277◦C for Atm100 rising to about 325◦C for the other
atmospheres. However, for SLB sludge a peak is only to be
observed in Atm100, owing to a lower volatile content.

3.1.4. High temperature region
When oxygen is used in the heating atmosphere the initial

temperature of this stage is lower because exothermic reac-
tions take place. Consequently, previously released volatiles
are burned and the remaining volatiles are emitted. At the
same time, there is a rapid oxidation of the rest of the oxi-
dant material in the sample.

Heating in an inert atmosphere (Atm100) produces nei-
ther oxidation nor combustion. Weight loss does, however,
occur, probably owing to both devolatilization and reactions
between char and volatiles from previous stages.
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Fig. 3. CO and CO2 emissions during heating process for SLA and Atm100, Atm95 and Atm0.

This stage occurs at a lower temperature when the heating
atmosphere is 100% oxygen because it is totally reactive and
exothermic reactions allow combustion reactions to occur at
lower temperatures in the oven. This stage occurs at tem-
peratures about 100◦C higher for SLA than SLB because
the char of the latter is less reactive and its ash content is
higher.

Mass spectrometry analysis was used to monitor CO and
CO2 gas emissions.Fig. 3, for example, shows the evolution
of CO and CO2 emissions from SLA in Atm100, Atm95 and
Atm0. CO was observed to be given off with helium in the
heating atmosphere, the greatest emissions being noticed in
Atm95. When CO emissions were observed in Atm97 and
Atm90, amounts were similar to those registered for Atm95.
In 100% oxygen, CO2 emissions reach the highest values
in the medium temperature region, thus bearing out the idea
that Atm97, Atm95 and Atm90 simulate a gasification pro-
cess[24].

The different performances of the two kinds of sludges
are probably due to a difference in the original wastewater,
as they both underwent a similar anaerobic digestion.

Mass loss during heating is higher for SLA sludge, so
gasification or pyrolysis would be the best processes for it.
Combustion would be more suitable for SLB sludge as it
ignites at 100◦C less than SLA.

3.2. Application of the kinetic model

The frequency factor, activation energy, order of the re-
action and mass that reacts for each of the peaks obtained
for these parameters are of the same order as those given by
other authors for different materials catalogued as biowastes.
The contribution of each single reaction to the global mass
loss is calculated withEq. (3). For example,Fig. 4shows the
kinetic fit of SLA and SLB when heated in Atm95. Results
of kinetic parameters are shown inTables 4 and 5.

It will be observed that no clear tendency may be estab-
lished of the evolution of the kinetic parameters with the
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increase of oxygen in the heating atmosphere. Some deduc-
tions, however, may be made.

For the medium temperature region, the activation en-
ergy takes the highest values when oxygen is present in the
heating atmosphere a point which must be borne in mind if
sludge is to be subjected to a gasification or pyrolysis pro-
cess. Otherwise, the activation energy value is usually under
200 kJ/mol, although in several cases, mainly for the high
temperature region, it exceeded 400 kJ/mol, probably ow-
ing to the narrower degradation temperature range and the

Table 4
Kinetic parameters for SLA sludgea

Atm100 Atm97 Atm95 Atm90 Atm0

LTR Peak I
K (1/s) 3.52E17 6.40E5 2.35E2 6.94E5 1.51E28
E (J/mol) 205 85 51 85 310
n 2.4 0.8 0.5 0.9 2.3
m (g) × 10−3 0.56 1.05 1.18 1.18 0.15
c 0.05 0.18 0.21 0.24 0.02

LTR Peak II
K (1/s) 3.56E9 1.14E5 3.50E21 3.87E5 7.46
E (J/mol) 135 86 269 83 39
n 1.7 0.7 0.8 0.5 1.3
m (g) × 10−3 1.26 0.79 0.29 0.69 2.70
c 0.49 0.17 0.05 0.03 0.70

MTR
K (1/s) 1.41E8 3.81E4 8.37E4 1.80E11
E (J/mol) 138 103 96 179
n 2.5 0.4 1.8 2.6
m (g) × 10−3 1.25 1.01 1.36 1.04
c 0.44 0.68 0.30 0.25

HTR
K (1/s) 5.93E7 1.70E27 3.57E14 1.52E18
E (J/mol) 145 434 247 281
n 2.5 2.5 1.8 2.3
m (g) × 10−3 1.10 1.23 1.12 0.97
c 0.03 0.44 0.25 0.39

a K: frequency factor;E: activation energy;n: order of reaction;m: released mass in the process;c: contribution of the single reaction to the mass
global lost; LTR: low temperature region; MTR: medium temperature region; HTR: high temperature region.

higher DTG peak temperature of the combustion reactions.
Few data have been published on the degradation of sludge,
but activation energies of 97 and 136 kJ/mol have been re-
ported for the pyrolysis in high purity nitrogen of munici-
pal solid wastes[16]. Other authors, such as Conesa et al.
[17], for the combustion of other wastes, obtain values in
the range 70–252 kJ/min. These values are in the same order
that the values shown in this paper.

Frequency factor values are usually lower than the range
of 1010 s−1, in line with other authors’ results[15].
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Table 5
Kinetic parameters for SLB sludgea

Atm100 Atm97 Atm95 Atm90 Atm0

LTR Peak I
K (1/s) 2.67E8 1.81E18 2.27E23 9.37E22 4.87E11
E (J/mol) 120 216 273 267 148
n 2.0 2.0 2.3 2.8 3.8
m (g) × 10−3 0.10 0.38 0.36 0.31 1.30
c 0.04 0.16 0.21 0.18 0.54

LTR Peak II
K (1/s) 6.01E7 1.86E14 1.61E20 1.35E14
E (J/mol) 161 200 257 117
n 2.4 2.1 2.3 2.5
m (g) × 10−3 1.27 0.62 0.49 0.77
c 0.59 0.28 0.21 0.42

MTR
K (1/s) 2.82E26
E (J/mol) 301
n 1.5
m (g) × 10−3 0.68
c 0.37

HTR
K (1/s) 1.31E5 7.54E3 6.93E13 2.21E10
E (J/mol) 99 84 207 157
n 2.1 1.8 3.8 2.7
m (g) × 10−3 1.08 1.36 1.10 1.09
c 0.40 0.64 0.40 0.46

a K: frequency factor;E: activation energy;n: order of reaction;m: released mass in the process;c: contribution of the single reaction to the mass
global lost; LTR: low temperature region; MTR: medium temperature region; HTR: high temperature region.

The order of the reaction is a parameter of the model
used. Although authors such as Sørum et al.[16] or Ebel-
ing and Jenkins[15] suppose in their models that the order
of reaction value is 1, several others consider it also to be
a model parameter, as in this study. A model that considers
this value as a parameter is therefore more representative
of the reality of the heating process. FromTables 5 and 6,
its value will be observed in most cases to be under 2.5. In
comparison with values obtained when the same model is
applied to other materials, such as rice straw, reaction order
values for sludge kinetics are higher, probably owing to the
more complex composition of sludge, originating from ur-
ban wastewaters. This supposes a higher number of heating
degradation reactions. Similar values for this parameter are
reported by others authors, such as Conesa et al.[17], for
the combustion of tyre wastes.

Objective function values are shown inTable 6. The most
important appreciation is that FOcc and FOsc are lower for
SLA than SLB. DTG profiles for SLA show a better defi-
nition of shoulders, allowing for a better fit with the model
described and, therefore, lower values for the objective func-
tions. When compared, FOsc always gives lower values than
FOcc because the latter is obtained by dividing the differ-
ence between the experimental and calculated values by the
maximum experimental value. If FOcc and FOsc values from
sludge heating kinetics are compared with those of other
materials, such as agricultural wastes, in experiences real-
ized in our laboratory and not yet published, higher values

Table 6
Objective function values

FOcc FOsc

Atm100 SLA 9.21E−3 1.17E−8
SLB 0.031 3.31E−8

Atm97 SLA 6.88E−3 6.65E−8
SLB 7.52E−3 1.99E−8

Atm95 SLA 6.46E−3 1.69E−8
SLB 0.015 3.05E−8

Atm90 SLA 0.021 5.93E−9
SLB 0.026 2.55E−6

Atm0 SLA 5.72E−3 7.78E−9
SLB 0.022 3.69E−7

are obtained for the sludge, probably for the reasons already
stated.

4. Conclusions

DTG profiles proved the possibility of differentiating four
stages in the heating process of sludge when there is oxy-
gen in the atmosphere. Without oxygen (a pyrolysis process)
only the first three stages can be differentiated, as the fourth
one does not take place. Mass loss during heating is higher
for SLA sludge, so it is best suited for gasification or pyrol-
ysis, while combustion would be more appropriate for SLB
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sludge as it ignites at a temperature 100◦C lower than SLA
sludge.

The model used was found to adequately describe the
weight loss of the two kinds of sludge considered. With it
we were able to obtain the kinetic parameters (activation en-
ergy, frequency factor and order of reaction) for the stages
differentiated in the thermal process, although no clear ten-
dency could be established for the evolution of these ki-
netic parameters with the increase of oxygen in the heating
atmosphere.
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Tecnoloǵıa del agua 184 (1997) 42–48.

[5] L.F. Calvo, M. Otero, A. Morán, A.I. Garcı́a, Upgrading sewage
sludge for adsorbent preparation by different treatments, Bioresour.
Technol. 80 (2001) 143–148.

[6] P.J. Matthews, European progress on the political and economic
concerns of sludge disposal—is the future biosolids or ash? in: Pro-
ceedings of the EWPCA-NVA Conference on Future of Water Quality
Management in Europe, Aquatech, Amsterdam, September 1996.

[7] E. Rensfelt, Practical achievements in biomass gasification, in: H.
Egnéus, A. Ellegard (Eds.), Bioenergy, vol. 84, Elsevier, Amsterdam,
1984.

[8] A.C.M. Beenackers, W.P.M. van Swaaij, Methanol production from
biomass, in: H. Egnéus, A. Ellegard (Eds.), Bioenergy, vol. 84,
Elsevier, Amsterdam, 1984.

[9] B. Revuz, Biomass ethanol—present technologies, realistic industrial
prospects, energy and economic balances, in: H. Egnéus, A. Ellegard
(Eds.), Bioenergy, vol. 84, Elsevier, Amsterdam, 1984.

[10] C.T. Bowman, Kinetics of pollutant formation and destrucción in
combustion, Prog. Energy Combust. Sci. 1 (1975) 33–45.

[11] M.A. Serio, S. Charpenay, R. Bassilakis, P.R. Solomon, Measurement
and modelling of lignin pyrolysis, Biomass Bioenergy 7 (1994) 107–
124.

[12] K.N. Ninan, K. Krishnan, V.N. Krishnamurthy, Kinetics and mecha-
nism of thermal decomposition of insity generated calcium carbon-
ate, J. Therm. Anal. 37 (1991) 1533–1543.

[13] L. Campanella, M. Tomassetti, R. Tomellini, Thermoanalysis of an-
cient, fresh water logged woods, J. Therm. Anal. 37 (8) (1991)
1923–1932.

[14] J.O. Jaber, S.D. Probert, Pyrolysis and gasification kinetics of Jor-
danian oil-shales, Appl. Energy 63 (1999) 269–286.

[15] J.M. Ebeling, B.M. Jenkins, Physical and chemical properties of
biomass fuels, Trans. ASAE 28 (3) (1985) 898–902.

[16] L. Sørum, M.G. Grønli, J.E. Hustad, Pyrolysis characteristics
and kinetics of municipal solid wastes, Fuel 80 (2001) 1217–
1227.

[17] J.A. Conesa, R. Font, A. Fullana, J.A. Caballero, Kinetic model
for the combustión of tyre wastes, Fuel 77 (13) (1998) 1469–
1475.

[18] J.A. Conesa, A. Marcilla, J.A. Caballero, R. Font, Comments on
the validity and utility of the different methods for kinetic analysis
of thermogravimetric data, J. Anal. Appl. Pyrol. 58–59 (2001) 617–
633.

[19] M. Otero, C. D́ıez, L.F. Calvo, A.I. Garćıa, A. Morán, Analysis of
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