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The recent tendency of sewage sludge disposal is targeted towards
the gasification for heat generation in small towns far from waste
incineration plants. The scope of this article is to present the inves-
tigation into the mixture of dried sewage sludge and wood pellets
during pyrolysis by thermogravimetry (TG) with evolved gas anal-
ysis by TG-coupled Fourier transformation infrared spectroscopy
(FTIR) method. The maximum intensity of mass loss of sewage
sludge material occurs at 300-310°C temperature and it differs
from wood cellulose case of 360°C. The 50:50% mixture of these
materials was investigated in more details. Pyrolysis reaction kinet-
ics is described by a variation of three constituent parts from TG
data. Prefactor A and activation energy E of the Arrhenius law were
found, and reaction order n was determined by the Ozawa method
employing Avrami phase change. The maximum of gas evolution is
always related to the most intense mass loss, and gas composition
correlates with the initial material
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INTRODUCTION

space; however, utilisation requires some prepa-
ration process associated with certain risks,

With the growing requirements for food pro-
cessing ecology, sewage sludge treatment by
composting has become unwanted since this
method has some drawbacks, such as lengthy
period, sorting costs, site preparation, etc. Lith-
uania is a land with many small rivers and lakes,
and conservation of clean water basin is an im-
portant issue. The target of sewage sludge treat-
ment was shifted towards anaerobic digestion
and storage for later treatment by gasification.
The advantage of this method is lower storage

such as odour, dust fire, etc. Small and powdery
grains of the digested waste are not suitable for
direct usage in waste treatment plants because
they accept briquette material.

The possible way to utilise sewage sludge in
gasification facilities is simply to prepare blends
of sewage sludge and wood, as digested sewage
sludge contains considerable amount of non-com-
bustible material. This was the reason for the in-
vestigation into sewage sludge and spruce wood
pyrolysis presented in this article. Moreover,
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sewage sludge utilisation by gasification becomes
the state-of-art technology both for environmen-
tally-friendly waste disposal and energy produc-
tion. The pyrolysis of sewage sludge was already
investigated some decades ago [1, 2], and within
this study, a comparison with softwood materi-
al is presented. The technique of gasification and
pyrolysis of wood materials is described in detail
[3]. Softwood properties and pyrolysis behaviour
are also well known and the process of thermal
decomposition of organic compounds has already
been investigated in detail by many researchers.
Wood structure — hemicellulose, cellulose, and
lignin - enables wood pyrolysis to be treated as
an entity of separate parallel decomposition re-
actions and to describe reaction kinetics in detail
by the Arrhenius law and reaction order. In this
analysis, spruce wood and sewage sludge were
used to compare the data acquired with the data
from other researchers, and pyrolysis behaviour
of the mixture of these material is presented.

There are numerous comprehensive works
on wood pyrolysis. The Norway spruce pyrol-
ysis process was investigated in detail at low
temperatures, i.e., at the zone of torrefaction
technology, with main focus on the groups of
released organic materials, such as acids, gluco-
nates, etc. in [4]. The description of the pyrolysis
reaction rate by the Arrhenius law was specified
by ensuring the fact that reaction order is close
to value 1 for biomass [5]. Some authors [6] con-
ducted research on the process of pyrolysis of
wood constituents and measured composition
of the evolved gases. Some researches provided
more detailed descriptions of the base of the rate
of pyrolysis reaction, dependent on the initial
composition of the raw material by chemical
groups [1, 7, 8]. At the Laboratory of Combus-
tion Processes of the Lithuanian Energy Insti-
tute, current wood gasification experiments are
being carried out in down draft reactor [9] with
different kinds of pelletized fuel. Coherently,
micro-scale experiments are performed by ther-
mogravimetric analysis. Heat exchange experi-
ments are performed with pyrolysis of spruce
pellet fuel and composition of the evolved gases
is measured. The results match the results re-
ported by other authors.

Due to stricter environmental regulations, in
recent years special attention has been paid to py-

rolysis research and analysis of different organic
waste materials. Several directions of research
deserve mention: data selection and generalisa-
tion for technological projects with respect to
the different types of fuel and waste, methodolo-
gy and theoretical evaluation, research on the re-
arrangement of chemical compounds.

In [10], TG analysis of 6-8 mg sewage sludge
samples collected from both large (population
1.5 million) and small (150,000) cities at heat-
ing rate of 10°C/min under inert atmosphere
was performed. From the data collected, it was
found that E values ranged from 138 up to 205
for sewage sludge samples from large cities, and
E from 120 up to 301 for samples from smaller
city. The difference may be explained by a great-
er quantity of municipal waste in big cities.
From the present situation with waste disposal,
it can be stated that priority is for digested sew-
age sludge. Comparison of the properties of di-
gested and non-digested sewage sludge shows
the following principal differences [7]: digested
sewage sludge contains more compounds with
decomposition temperature within 250-350°C
range, where yeast products from nutrients, such
as yeast mycelium shells, amino acids, etc., pre-
dominate simultaneously with common hemi-
cellulose. In the case of non-digested sewage
sludge, the compounds with the same range of
decomposition temperature are related to organ-
ic compounds, such as glucose, lactose, sugars,
etc. Like in the comparison with wood, the cel-
lulose content is lower and pyrolysis process at
the temperature range 350-390°C is less intense
in both cases of sewage sludge. Conesa et al. [7]
performed thermal analysis of anaerobically di-
gested and non-digested sewage sludge from
the same source of origin and showed different
decomposition behaviour already starting from
the 200°C temperature. The mass loss of non-di-
gested sewage sludge starts earlier and the char-
acter of the mass loss curve is consistent through-
out the whole process. Digested sewage sludge
loses mass more vigorously when approaching
300°C temperature.

Series of researches were performed on sew-
age sludge utilisation by blending with oth-
er fuels: with oil shale [11] and with coal [12].
The purpose of these researches was to develop
an efficient way of utilising sewage sludge for
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energy production. Addition of 10% sewage
sludge increased the efficiency of oil shale con-
taining hydrocarbons combustion by 20% [11].
The analysis of pyrolysis of coal blends with
sewage sludge [12] was performed, with most
attention focused on the reduction of hazardous
gases generated, such as SO, and CO,,.

A deeper insight is necessary into physical
significances of the characteristic temperature
zones and pyrolytic properties of the materials.
Differences can be found by specifying the tem-
perature and residual mass zones with relatively
constant A and E values. Most of TG measure-
ment results are described by distinguishing
three parts in the pyrolysis reaction: amorphous
hemicellulose compounds pyrolysis at temper-
atures up to 320°C, cellulose specific tempera-
tures up to 380°C, and plenty of carbon bond
containing materials, such as lignin, up to 500°C.
For a better description, a reaction order is used.
A simple case of this type of analysis is the pro-
cess of wood pyrolysis where characteristic zones
of the mass loss of hemicellulose, cellulose, and
lignin are described independently [14]. This
type of methodology has been used for various
waste materials by a number of authors. In [7],
an interesting solution for the equation system
with 22 variables is proposed, with the purpose
of least square deviation from TG curve to find
pyrolysis reaction constituents. Otero et al. [15]
describe the well-known standard methodolo-
gy [14] for finding A and E constants and sum-
marise results by finding the reaction order for
the formula of non-isothermal case developed
by Ozawa [15] and Lambriger [16] accord-
ing to the investigation into the Avrami phase
change [17]. Organic compounds are composi-
tion of large and complex molecules and inter-
mediate product of decomposition are also very
complex; however, TG analysis with Arrhenius
law method allows distinguishing and separat-
ing different groups with specific reaction rate.
The standard of finding the A and E constants
was proposed by [18] and [19].

The main aim of this article is to present inves-
tigations into the process of pyrolysis of sewage
sludge and mixture of sewage sludge with spruce
wood. Separate analysis of the pyrolysis process
of both constituents - spruce wood and dried
sewage sludge, with equal mass proportions, was

seen as primary. The thermogravimetric (TG)
analysis technique with evolved gas detection
by Fourier transform infrared measurement was
used. An iso-conversional method was applied
to determine the kinetic parameters using multi-
ple heating rates for thermogravimetric analysis
and it was as a base for description of reaction
kinetics. Additionally, the gasification process
was illustrated and compared by plotting FTIR
temperature profiles of the evolved gases during
decomposition of the samples. The purpose was
to analyse pyrolysis of fuel blends and to develop
proper reaction conditions for carbon utilisation
in the automatized gasification reactor.

MATERIALS AND METHODS

Samples

For thermogravimetric analysis with evolved
gas analysis, the following samples were used:
dried softwood (the Norway spruce), dried sew-
age sludge, 50:50 wt.% mixture of dried sewage
sludge with softwood.

Dried sewage sludge was collected from Si-
luté (Lithuania) municipal sewage sludge treat-
ment facilities after digestion and drying pro-
cesses, prepared for further use in pilot scale
gasification plant. The town of Siluté has just
above 20,000 residents and is ranked the 18th
town in Lithuania by population.

For the TG-EGA experiments, the materials
were milled and fine-ground to obtain a homo-
geneous sample. The powder was sieved to ob-
tain fraction smaller than 0.25 mm. Weight of
the samples was 6.5+0.1 mg.

Proximate and ultimate analysis of the sam-
ples was performed by IKA C5000 calorimeter
and Flash 2000 CHNS analyser. Characteristics
of the samples are presented in Table 1.

Thermal analysis

Thermal analysis of Norway spruce wood, sew-
age sludge, and sewage sludge-spruce wood
mixture under inert atmosphere was performed
using NETZSCH STA 449 F3 Jupiter thermal
analyser with SiC furnace and TG sample carri-
er with S-type temperature sensor calibrated for
260 mg Pt/Rh TG crucibles. The crucibles were
covered with a pierced lid. The temperature pro-
gram of the TG furnace was from 45°C to 900°C
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Table 1. Proximate and ultimate analysis of the tested materials

Parameter Sewage sludge Spruce Mixture 50:50 wt.%
Proximate analysis wt.%

Moisture 4.0 3.6 3.8
Volatiles 51.1 79.2 65.1

Fixed carbon 13.9 16.8 15.4

Ash 31.0 0.4 15.7

HHV (MJ/kg) 17.3 203 18.8

Ultimate analysis wt.% (dry basis)

Carbon 40.05 49.80 44.93
Hydrogen 5.15 6.50 5.83

Oxygen (diff.¥) 16.40 43.20 29.80
Nitrogen 5.85 0.06 2.96
Sulphur 1.55 0.04 0.80

* Determined by difference

at heating rates of 5, 10, 15, and 20°C/min. Ni-
trogen gas flow of 60 ml/min was supplied into
the TG furnace as an inert atmosphere for py-
rolysis conditions. TG curves were recorded and
the properties of DTG curves were calculated
using Proteus v6.0.0 software.

Evolved gas analysis by FT-IR

In the present study, the analysis of gas evolved
during thermal decomposition of the samples
was performed by TG coupled Fourier-transform
infrared (FTIR) spectrometer. FTIR analysis was
performed on Bruker Tensor 27 with specially
designed TGA-IR module. TG-FTIR coupling in-
terface is a PTFE tube with the inner diameter of
1 m and 1.6 mm, heated to 250°C for prevention
of condensation of the evolved gases. The evolved
gases are self-flowing through the heated inter-
face into heated FTIR gas cell with KBr (internal)
and ZnSe (external) windows and optical path
length of 123 mm. The gas cell is located inside
the external TG-FTIR module of the spectrome-
ter. The module is equipped with a mercury cad-
mium telluride (MCT) detector with an integrat-
ed preamplifier. The detector operates at liquid
nitrogen temperature. The infrared source pro-
vides signal in the middle infrared range (MIR)
of 4500-400 cm™, but due to the characteristics
of the MCT detector, IR absorbance spectra were
recorded in the 4500 - 650 cm™ wavenumber re-
gion. Scan resolution was 4 cm™ and sample scan
time 32 seconds. With these conditions, spectra

were recorded continuously at the intervals of
about 14 seconds for each of the experiments.
FTIR data was processed and exported using
Opus v6.5 software.

Reaction kinetics
For derivation of the pyrolysis kinetic data, four
TG heating rates were used. The reaction rate
of heterogeneous solids can be described by
the main equation:
do
—=k(T)f(a) (1)
dt
where a — conversion, t - time, k(T) - tempera-
ture dependent constant, and f(a) - differential
function of conversion. It is convenient to trans-
form the above expression into non-isothermal
case describing reaction as a function of tempera-
ture by using constant heating rate:
B = dT/dt = const. (2)
Conversion of (2) Arrhenius equation de-

scribes the temperature dependence of the con-
version rate:

ﬂ=1A><exp[i]

RT )

where A - pre-exponential factor, E - activation
energy, R — the universal gas constant.

In non-isothermal kinetics, a series of ther-
mogravimetric experiments must be conducted
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at different heating rates. Analysis of the experi-
mental data shows that conversion a depends on
the temperature only for the same material and its
mass loss. Then, reliable values of the constants A
and E are found. This method of analysis was ex-
amined in detail by Flynn [18], Ozawa et al. [15];
universal approximation was found by Doyle [19],
where function p(E/RT) is valid within 7 < E/
RT < 60 range. Having the constants of the Ar-
rhenius law, it is possible to estimate the specifics
of reaction progress from measurement data and
find reaction order by the so-called double loga-
rithm equation:

[-In(1-o(T))]=In A — % —nlnp. 4

Reaction order is derived by plotting the right-
side logarithm against In 3 at T = const for differ-
ent B values. Equation (5) is adapted from the ap-
proach suggested by Avrami [17] after the analysis
was done for a non-isothermal case and for differ-
ent P values.

a(l)=1- expL_k(T)] (5)
B

By these theoretical formulas, experimental
results were generalized by dividing pyrolysis re-
actions into three parts: pyrolysis of amorphous
compounds within the temperature range up to
320°C, cellulose dominant range up to 380°C,
and carbon bond containing molecules, such as
lignin, up to 500°C.

RESULTS AND DISCUSSION

Thermal analysis

Results of thermogravimetric analysis are shown
in Fig. 1 for all three materials studied. After
the dehydration of the sample, the main stage
of decomposition takes place at the temperature
of 250°C. First, it is mandatory to get acquaint-
ance with all three stages of the TG mass loss.
In the case of spruce, the largest mass loss is
linked with cellulose decomposition, which oc-
curs at 320-390°C. In the case of sewage sludge,
the curve of TG mass loss is most intense at 250-
330°C temperature zone, which is completely
different from spruce. In the case of the mixture,
mass loss is rather superposition of two sepa-

rate materials and the process takes place up to
360°C. DTG curves represent the dynamics of
the main mass loss versus temperature. Con-
stant trend of the sample mass loss is observed
for spruce and for sewage sludge with maximum
mass loss at the above-mentioned temperatures.
The mixture case is special, since the shoulder in
the progress of the DTG curve is the composi-
tion of the two constituent materials.

Results presented in Fig. 1 reveal differenc-
es in pyrolysis mass loss of different materials,
namely, sewage sludge and spruce. If wood py-
rolysis represents the sum of its constituents
such as hemicellulose, cellulose, and lignin, in
the case of sewage sludge main mass decompo-
sition (60% organics) occurs at the temperature
of up to 350°C. This means that in sewage sludge
composition, a system of amorphous organic
materials dominates that can be described as
closely related to hemicellulose. Digested sewage
sludge does not contain pure cellulose, but does
contain many organic compounds with simple
carbon bonds, such as yeast shells, nitrogen-con-
taining organics, and so on, and the process of
pyrolysis of this material goes faster than lignin.

In all cases of TG, we can judge that initial
composition of the raw material contains three
constituents. This allows pyrolysis process kinet-
ics to be described as wood pyrolysis with sepa-
rate zones of hemicellulose, cellulose, and lignin
by selecting data points where we find all three
Arrhenius E, A, n triplet constants by least squares
method with match of experimental TG curve.
The results achieved are presented in Table 2, at
heating rate f = 10°C/min. It is worth mention-
ing that acquired E values were in between +-5%,
a slight change of the E value was used within this
limit to approach the n = 1 value.

In this work, the pyrolysis residue is defined at
500°C. Starting from this temperature, mass loss
is relatively negligible and tar-containing carbon
residue dominates. Finally, mineral content and
small carbon residue remain at higher tempera-
tures. We performed pyrolysis of spruce pellets
using a cylindrical bench-scale fixed-bed reactor
with space 55 mm in diameter and twice as long
[21]. The pyrolysis process ends at the tempera-
ture of 500°C. The char to fuel weight ratio was
found to be 0.247 and final carbon residue with
minerals left was 0.14 wt.% at the 900°C.
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Fig. 1. TG mass loss (left axis, thicker lines) and DTG curves for the materials studied. The faster heating rate B, the more
intense (DTG) and more inert with temperature (TG) the curves at f =5, 10, 15 and 20°C/min, respectively

values in the initial stage, my, my,, m,.. Pyrolysis
of each group follows the Arrhenius law triplet
according to the recorded TG curve, and the total

Pyrolysis process can be modelled taking into

consideration that each group of organic com-
pounds from the total content has constant mass



TG pyrolysis of a mixture of dried sludge from urban wastewater and wood pellets and identification .... 41

Table 2. Kinetic parameters of the materials studied

Activation energy E, kJ/mol Pre-exponential factor A Reaction order n Initial mass fraction

Spruce
E 155 A 2.30-10" n, 1.0 Mo, 0.19
E, 157 A, 4.20-10" n, 1.0 Mo, 0.31
E; 54.7 Az 2.63-10° ns 1.1 Moz 0.22
residue 0.28

Sewage sludge

E 153 A 8.10-10" n, 1.0 Mo 0.28
E, 143 A, 1.22-10" n, 1.0 Mo, 0.18
E; 80.4 As 2.65-10° ns 1.0 Mo3 0.06
residue 0.48

Mixture
E 172 A 1.20-10™ n, 1.0 Mo 0.20
E, 168 A, 7.65-10" n, 1.0 Mo, 0.25
E; 56.5 As 2.67-10° ns 1.0 Mo3 0.07
residue 0.43

reaction process is the sum of the three dis-
tinguishable parts of the reaction. Such model
proved itself when reaction order n approached
the value of 1 and the modelled curve matched
the experimental TG curve.

The triplet of the Arrhenius law constants
was found by calculating activation energy
E and pre-exponential factor A according to
the standard approximation procedure [14]
for each three of the constituent part groups.
The DTG curves are used to distinguish
the groups of materials, and constants E and A
are applied by finding them from the TG data.
By using non-isothermal isoconvertional me-
thod for all B, we can find reaction order n by the
equation (4).

Evolved gas analysis

The IR spectra during TG temperature ramp
were recorded about every 14 s and produced 3D
cube array data. Absorbance intensity of evolved
gases, consequently Gram-Schmidt diagram,
and the mean value of absorbance were most in-
tense at 20°C/min heating rate rather than lower
heating rates and FTIR data analysis at this heat-
ing rate is presented in Figs. 2, 3, and 4. Com-
pounds that were selected for identification were
CO, CO,, CH,, NH,, alkyl and carbonyl groups,
and carbohydrates: acids and aldehydes (C=0),

aromatic rings, and alkenes (C=C). The analysis
data are shown in Fig. 2.

Analysis of all materials clearly shows that
peak evolution of the gases corresponds to
TG mass loss and DTG maximum. The Gram-
Schmidt diagram (Fig. 2) shows integrated in-
frared absorption value of total evolved gases
during TG experiment. The more intense Gram-
Schmidt diagram of the spruce sample is related
to a higher content of volatiles. CO, evolution is
indicated by absorbance spectra at wavenumber
2360 cm™, and CO is represented by absorbance
at 2183 cm™'. CO, concentration is higher from
sewage sludge than from spruce. Higher con-
centration of CO, at lower temperatures from
sewage sludge sample is caused by pyrolysis of
low polymerized amorphous organic molecule
structures. A higher concentration of CO is re-
leased from spruce, and it is related to cellulose
specific pyrolysis. The evolution profile of CH, is
similar for all the materials, however, in the case
of the mixture, we can observe two shoulders of
the absorption profile with minimum at about
400°C, which is not recognized as an average, or
superposition, of the two primary materials.

TG-FTIR measurements of gases are based
on absorption of infrared radiation, and the ab-
sorption intensity depends on the bond type of
the molecules. In order to evaluate the relative
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quantity of the evolved species during TG-FTIR
measurements, absorption intensity values at con-
stant wavelengths, representing molecules such as
CO or CO, were compared for all three materials.
These values, obtained at the most intense mass
loss temperature, are presented in Table 3.

For comparison, instrumental measure-
ments of the evolved gases during pyrolysis of

spruce pellets, results for CO, CO,, CH, from
the bench-scale reactor [21] are presented in Ta-
ble 4. Pyrolysis of spruce pellets in the bench-
scale reactor was performed at temperatures of
340 and 500°C. Here, the permanent gas volume
is presented excluding hydrocarbon volatiles,
and these results agree with the reference work
[3], p. 155, Figs. 5 and 6.

Table 3. Proportion of permanent gas quantity release for different materials

Sample ((1} co, CH,

Spruce 1 1 1
Sewage sludge 0.37 1.2 0.69

Mixture 0.55 1.04 0.58

Table 4. Permanent gas release for the pyrolysis of spruce pellets at a bench reactor. Measurement values in volume

proportion
Reactor temperature (G} o, CH,
340°C 0.37 0.26 0.03
500°C 0.36 0.24 0.06
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Fig. 3. FTIR absorption spectra of products evolved during pyrolysis at maximum mass loss temperatures: spruce 319°C, sewage sludge

387°C, mixture 371°C
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Absorption band at 1800 cm™ infrared region
is characteristic of the carbonyl group contain-
ing compounds, aldehydes, ketones, and esters,
and is almost twice as intense in spruce sample
as in sewage sludge. Aromatic compounds in
the evolved gases are represented by 3060 and
1510 cm™ absorption bands caused by C=H
and C=C stretching, respectively. Light organic
gas species (esters, carboxyl and carbonyl com-
pounds, aliphatic hydrocarbons) evolves at a rel-
atively narrow temperature range (200-370°C)
of decomposition [22, 23]. At higher tempera-
tures, above 400°C, when carbon residue py-
rolysis dominates, C=C absorption profile at
3060 cm™ proofs formation of aromatic com-
pounds in the gases.

FTIR absorption spectra abundance of prod-
ucts evolved during pyrolysis at TG maximum
mass loss temperatures of each material is pre-
sented in Fig. 2. The results presented in this
figure are obtained by transporting evolved
gases from TG furnace to FTIR detector by
1-metre-long PTFE tube heated at constant
temperature of 250°C. Distinguishable bands
from sewage sludge sample from the others are
at 3334, 965, and 930 cm™!. The 3334 cm™! band
is assigned to O-H stretch vibrations which is
relative to propylene oxide, and possibly to li-

pides. This absorption band may also belong to
-NH,=NH vibrations. The 965 cm™ absorption
peak belongs to the C-CO vibrations absorption
zone of 1000-940 cm™ relative to alkyl aryl ke-
tones. The 950 cm™ absorption peak is related to
alkoxy groups. These three peaks were not found
in the spruce sample, but the mixture indicates
these effects. All these three distinct peaks at
930, 965, and 3334 cm™ from the sewage sludge
sample are also attributed to deformation and
stretching vibrations of N-H bond, and NH, is
related to it. The presence of these peaks was also
confirmed by [24] using similar analytical tech-
nique on analysis of nitrogen-containing com-
pounds and is a confirmation of nitrogen trans-
formation reactions of the material with higher
nitrogen content (Table 1).

Comparison of the gases evolved from all
three samples was performed by calculating in-
tegral areas of specific wavelengths with respect
to temperature at specific maximum mass loss of
each material. The results are presented in Fig. 4.
Spruce contains more polymeric material with
a higher content of hydrocarbons and cellulose.
Thus, pyrolysis of spruce produces more CO than
sewage sludge and it is presented by comparing
CO, and CO trends in Fig. 4. The figure repre-
sents the quantity of evolved gases according to
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Fig. 4. Comparison of the FTIR measured evolved gas quantity for different materials
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the volatile content of the initial material. Sew-
age sludge is a material of amorphous structure
and CO, production is initiated by oxygen ac-
tivity. The Gram-Schmidt diagram represents
the average of all three samples. The ammonia
quantity rises towards the increase of sewage
sludge quantity.

CONCLUSIONS

Nowadays municipal sewage sludge is treat-
ed by anaerobic digestion and storage for later
gasification or burning. Detailed experimen-
tal investigations of the process of pyrolysis of
the Norway spruce, digested sewage sludge,
and a 50:50 mixture of both materials was per-
formed using TG technique. By the example of
the components of wood, the raw material was
explored as three parts containing TG data; in
the case of sewage sludge, it was obvious that it
was the basis for such an assessment (Table 2).
Analysis of mixture material revealed pyrolysis
process as superposition of two original materi-
als. All the measurement data were generalised
as a triplet of the constants — A, E, and n - of
the Arrhenius law. At the most intense mass loss
of the materials, the Arrhenius constants were
E =150 kJ/mol at 320-380°C for spruce, E = 150
at 270-330°C for sewage sludge, and E = 150
at 270-370°C for the mixture. In the case of
the mixture, the DTG curve shows shoulders of
the pyrolysis process. In almost all cases, reac-
tion order approximates the value of 1 (Table 2).
Residual masses of sewage sludge due to inor-
ganic materials were always higher.

A good correlation between the highest
mass loss rate according DTG and abundance
of evolved gases in TG-FTIR mode was found.
The most intense gas production was for spruce
at 360°C, for sewage sludge at 325°C, and for
the mixture at 375°C. This rule is obvious for all
the gases, except CH,, where two peaks at tem-
peratures 325 and 500°C are seen for sewage
sludge. This results in the shoulders of the tem-
perature profile curve of the mixture sample.
TG-FTIR measurements are based on the capa-
bility of infrared light absorption of gases and
relative emission quantity, as well as on compari-
sons of specific gases, CO, CO,, and CH,. The case

of spruce, with the results of bench-scale reactor
test, is presented in this article.
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MIESTO NUOTEKU DZIOVINTO DUMBLO
IR MEDIENOS GRANULIU MISINIO
TERMOGRAVIMETRINE PIROLIZE

IR SUSIDARANCIU DUJU SUDETIES
NUSTATYMAS INFRARAUDONUJU
SPINDULIY SPEKTROSKOPIJA

Santrauka
Miesty nuoteky dziovintas dumblas yra kaloringas ir
tinkamas gaminti $iluma, o sumai$ius su medienos
granulémis tampa ekologiskesnis, todél galima nau-
doti maZesniuose, toli nuo atliekas deginan¢iy jégainiy
jsikiirusiuose miestuose. Si nuostata paskatino nuo-
teky dziovinto dumblo ir medienos granuliy misinio
termogravimetrine pirolize (TG) ir susidaranciy dujy
sudéties tyrimus infraraudonyjy spinduliy spektrosko-
pija (FTIR). Daugiausia dumblo masés issiskiria esant
300-310 °C temperatiirai, o medienos granuliy, ku-
riose daug celiuliozés, maksimumas pasiekiamas ties
360 °C. Pagrindiniai tyrimai atlieckami su $iy medziagy
misiniu (50 : 5 000 %). Remiantis TG duomenimis, su-
rasta pirolizés reakcijy Arenijaus désnio pastovioji A ir
aktyvacijos energija E, o reakcijos laipsnio rodiklis n
nustatytas pagal Ozawos metoda, pasinaudojus fazés
poky¢iais pagal Avrami. Dujy i$skyrimo maksimumas
visada siejasi su medziagos netekties kiekiu, o i$sisky-
rusiy dujy sudétis koreliuoja su pradine medziaga.
Raktazodziai: pirolizé, dziovintas miesto dumblas,

dujy iseiga, spektroskopijos tyrimas



