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Abstract Gasification of char derived from sewage
sludge was studied under different oxidizing atmospheres
containing CO,, O, or H,O. The gasification tests were
carried out in thermobalance at different temperatures and
oxidizing reagent concentrations. The most efficient were
the gaseous mixtures containing oxygen. The reaction took
place at temperature 400-500 °C, whilst in the case of CO,
and steam much higher temperatures (700-900 °C) were
necessary to complete the conversion. Two rate models for
gas—solid reaction were applied to describe the effect of
char conversion on reaction rate. The shrinking core model
for reaction-controlled regime was found to be the best for
predicting the rate of char gasification in CO, and O,
atmosphere. The experimental data for steam gasification
of the char were fitted best by the first-order kinetics. The
kinetic parameters estimated from the experimental data
are in accordance with the literature for lignocellulosic char
gasification and are the first published for sewage sludge
char gasification.
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List of symbols

o Conversion (-)
C Concentration (mol dm™?)
dy Initial sample particle diameter (m)

E Activation energy (kJ mol ™)
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K Surface reaction rate constant (sfl)
m(f) Sample mass at any time (g)

mo Initial mass (g)

my  Final mass (g)

n Reaction order (-)

R Universal gas constant (kJ mol ™! K_l)

Ts Structural term (-)

t Time (s)

T Temperature (K)

Ve Concentration of oxidizing agent (mole frac)
Introduction

Sewage sludge is regarded as the residue produced by the
wastewater treatment process. Currently the most widely
available option of sludge utilization in the EU are
according to Fytili and Zabaniotou [1] the agriculture uti-
lization and the waste disposal sites. However, there is a
wide range of other uses for sludge, which exploit its
energy, namely the thermal processes. The thermal and
chemical processes of sewage sludge conversion consist of
pyrolysis, gasification direct combustion and co-combus-
tion [2]. Pyrolysis as the first chemical step in gasification
and combustion plays an important role because its con-
ditions highly affect the yields of char and its reactivity
[3, 4]. The conversion of char occurs at higher tempera-
tures when most of thermal decomposition processes are
finished. Thus, in gasification process the primary pyrolysis
products, condensable and non-condensable vapours and
mainly char undergo secondary reactions with gasification
reagent forming additional amounts of synthesis gas. Apart
from being used as potential fuel, the product of
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gasification, synthesis gas is a useful raw material for
chemical industries.

Char gasification kinetics depends on the gasifying
agent used and the operation conditions, such as pressure
and temperature [5]. On the other side, type and compo-
sition of fuel used for char preparation strongly affect the
rate of gasification [6, 7]. Gasification is usually carried out
with air, oxygen and steam mixtures. The gasification
process is very often performed with steam as the gasifying
agent; the advantage of using steam is that this process
yields higher amounts of hydrogen [7]. However, nowa-
days when there is a worldwide discussion about utilization
of carbon dioxide, the so-called dry gasification by means
of CO, is also of great importance [8, 9]. Also in some
places Integrated Coal Gasification Combined Cycle power
plants have been developed to reduce CO, emissions [6].
The presence of CO, can improve char conversion and
decrease the volume of gasification residue [10].

Gasification of sewage sludge as well as co-gasification
with coal as integrated processes involving primary and
secondary reactions have been widely investigated during
recent years [11-18]. However, the literature on the reac-
tion of sewage sludge char with an oxidizing agent, which
is considered as the most important step in the overall
processes process, is very scarce, in contrast to the litera-
ture concerning the coal and biomass chars gasification
reactions.

The information which is acquired with kinetic studies
can be usefully applied in different fields, such as the
interpretation of reaction mechanisms and catalytic phe-
nomena, molecular behaviour, the optimization and
development of new chemical processes as well as reactors
modelling and simulation. Therefore, the study of chemical
reaction kinetics is of interest to both chemists and chem-
ical engineers using and elaborating reaction rates data on
different objectives [19]. Then, the study can be oriented to
define the kinetics of each reaction in the pattern.

Char gasification kinetics is of great importance in the
design of gasification reactors. This is because gasification
is a slower process than the initial pyrolysis [20]. Gasifi-
cation results in continuous changes in char composition.
Hence, the char reactivity tends to vary with degree of
conversion or time. Therefore, the first-order kinetics often
holds only for a part of the conversion interval.

In general, there are many publications concerning
gasification kinetics of chars obtained from different types
of coal [6, 21-23] or any types of biomass [4, 24-26].
However, according to our knowledge there are no publi-
cations on gasification kinetics of char derived from sew-
age sludge, except the study of Scott et al. [26], who
measured the rate of gasification by CO, of different chars,
including char derived from sewage sludge. They found
that this char was the most reactive one, due to the largest
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amount of inorganic material, components of which cata-
lyse the gasification of carbon by CO,. The reactivity of
pyrolyzed sewage sludge in air and carbon dioxide was
studied by Inguanzo et al. [27].

In this article, the effect of oxidizing reagent on the
kinetics of gasification of char derived from sewage sludge
was studied using thermogravimetric analysis and model-
ling. Gasification rate equations and kinetic parameters for
different oxidizing agents (O,, H,O and CO,) were
obtained. Kinetic analysis is mainly used as a tool for
extracting valuable information about the gasification step
from a series of measurements with many data points in the
form of models with limited number of parameters. We
believe that these models can be eventually extrapolated to
the industrial applications.

Materials and methods

Gasification of sewage sludge char was performed in a
thermobalance (Netzsch STA 409 PG, Germany). The
digested sewage sludge containing about 46 wt% of ash
(on dry mass basis) from Waste Water Treatment Plant in
Lodz, Poland was used for char preparation. The results of
proximate and ultimate analysis of sewage sludge are
presented in Table 1. Proximate analysis of moisture,
volatiles, char and ash was performed in preliminary
experiment where the samples of sewage sludge were
heated to 1000 °C in the inert gas (argon) and then kept at
this temperature in air atmosphere to burn out the char
formed during the pyrolysis. The contents of C, H, N, S and
O elements were determined by an elemental analyser (CE
Instruments NA 2500). The results from elemental analysis
were used to estimate the heating value of the studied
sample.

The char was obtained by devolatilization of sewage
sludge in a quartz fixed-bed reactor (20 mm internal
diameter) heated by an electric furnace in at 1000 °C under
an argon stream. The sample of dried and ground sewage
sludge was heated at the constant heating rate of 100 °C/h
and then held in final conditions (1000 °C) for about
120 min. Then the char was cooled under a flow of argon to
room temperature, and sieved. The fraction of the char
particle diameter less than 70 pm was used for gasification
tests.

Table 1 Proximate and ultimate analyses of sewage sludge samples

Proximate analysis/wt% Ultimate analysis/wt%  HV/

MJ kg™!

Moisture Volatiles Char Ash N C H S O

53 44.6 74 427 2.8 260 35 1.1 239 10.1
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The gasification tests with sewage sludge char were
performed under atmospheric pressure. The thermobalance
was equipped with the water vapour furnace enabling a
measurement in the atmosphere containing a controlled
amount of steam. Except water vapour, mixtures of oxygen
or carbon dioxide diluted with argon were used for gasi-
fication. The total flow rate of gas introduced into the
thermobalance during the experiments was 50 cm®/min
(in the case of reactive gas containing steam, the total flow
rate was greater than 50 cm’/min by a stream of water
vapour produced in the steam generator). The char sample
was placed in an alumina crucible 5 mm diameter and
3 mm height. The mass of sample used was about 20 mg.
The rates of char gasification were measured under iso-
thermal conditions at different temperatures depending on
the gasifying agent used.

To determine the temperature range where different
reactive gases are active in the gasification reaction, pre-
liminary experiments were performed, additionally under
dynamic conditions. During these experiments the char
samples were heated at the constant heating rate of
10 °C/min from room temperature to 1000 °C. Three dif-
ferent oxidizing atmospheres were applied: 10 vol.%
0,/90% Ar; 50% CO,/50% Ar and 16% H,0/84% Ar.

Results and discussion

Figure 1 shows a comparison of TG (Fig. 1a) and DTG
(Fig. 1b) profiles for the char gasification with different
oxidizing agents under non-isothermal conditions. The gas
containing 10% of oxygen reacts with char at relatively low
temperatures. In this case the reaction starts at about 400 °C
and reaches the maximum rate at 540 °C. The gases con-
taining 50% of CO, and 16% of H,O in argon react with
char only above 700 and 750 °C, respectively. The maxi-
mum rate with carbon dioxide was observed at 806 °C,
whereas for steam it was shifted to 934 °C. It is worth to
notice that the maximum reaction rate measured at dynamic
conditions was similar for all oxidizing reagents used.

As can be seen in the Fig. 1, there are differences in total
mass loss depending on the oxidizing reagent used. At the
final temperature of 1000 °C the total mass loss in the case
of oxygen was 18% of the initial mass, whilst in the case of
CO; and steam it was about 21%. The higher mass loss for
CO; and H,0 may be explained by the interaction of these
gases with some components of a mineral layer (ash) of the
char, which was observed during our studies of catalytic
effects of ash in pyrolysis and gasification processes [28].
This interaction can be also seen, before the chemical
reaction starts (see Fig. 1), as a small increase of the sample
mass, which was probably caused by adsorption of gaseous
reagents on the solid surface. It is generally accepted that
the adsorption of the gas component is the first step in the
mechanism of char gasification process [4].

The mass loss data recorded by thermobalance were
then recalculated to express conversion as a function of
time. The char conversion « in the gasification reaction was
defined as:

o(t) = 7Amk;mim(t)

(1)
where: Amy = mg — my, Am@) = mg — m(t), and my
denotes the initial mass of char, m(f) the sample mass at
any time ¢ and m; the mass of ash. The sewage sludge char
conversion versus time data for different oxidizing atmo-
spheres: O,, H,O and CO, at different temperatures are
shown in Fig. 2a—c, respectively.

To determine the effect of oxidizing agent concentration
on the gasification rate, experiments at fixed temperature
(500, 800 and 850 °C) for each reagent (O,, H,O and CO,),
respectively, were performed. These data are presented in
Fig. 2d-f.

Assuming that gasification is a one-step reaction, the
conversion in an isothermal batch reactor can be expressed
by the following equation:

do

5 = ke T (@) @

where k is the reaction rate term including the effect
of gasifying agent concentration (y,) and the effect of
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temperature (7), and 7, is a structural term assumed to
describe the changes in available internal surface and
structural properties of the char as the reaction proceeds.
The first term in Eq. 2 can be described by:

(3)

where k, and E are pre-exponential factor and activation
energy, respectively, and n is the reaction order in respect
to the concentration of gasifying agent.

Many different functions can be used to describe chan-
ges in the physical properties of the solid comprised in the
rs term. In this study, the two simple models are applied. In
modelling of char gasification reactions it was assumed that
the pseudo-homogeneous kinetic equation could be applied
[29]. Thus, the simple pseudo-homogeneous volume-reac-
tion model for the first-order reaction with respect to solid
substrate was often used to evaluate the overall reaction
rate of char gasification. For the first-order kinetics the
following equation can be used

k(ye, T) = koe‘E/RTyg

do
or in the integrated form
—In(1 — o) = kyt (35)

@ Springer

where k, is the reaction rate constant equivalent to k func-
tion defined by Eq. 3. For this type of kinetics, the plot of
—In(1 — o) versus time ¢ should give a straight line whose
slope is k.

The shrinking core model usually used for incineration
assumes that the reaction takes place on the surface of a
spherical solid particle [30]. In the chemical reaction
regime with assumption of the spherical shape of particles,
the following equation can be applied:

Q) =1—(1—a)® =kt (6)

where k; means the apparent rate constant for shrinking
core model, which depends on temperature and gaseous
reagent concentration.

The reaction rate constants k, and k, can be calculated
using the experimental results shown in Fig. 3a, c, e, and b,
d, f from the slopes of plots representing Eqs. 5 and 6,
respectively. These figures show the application of the first-
order and shrinking core models to the experimental results
obtained for the gasification of sewage sludge char at dif-
ferent temperatures and for different oxidizing agents.

The relationship between the left-hand side of Egs. 5 or
6 versus time should be a straight line to prove validity of
the model. Figure 3 shows the application of these two
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plots) and shrinking core (right
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equations to the experimental results obtained for the
gasification of char at different temperatures and oxidizing
atmospheres. A range of conversions varied from 0.05 to
0.95 is presented on the plots. The analysis of data pre-
sented in Fig. 3 leads to the conclusion that the first-order
reaction model can be only applied for the steam gasifi-
cation in the whole range of conversion (0.05-0.95). In the
case of oxygen and carbon dioxide the shrinking core
model predicts the experimental data much better; how-
ever, for the reactive gas containing 10 vol.% oxygen, the
model is valid only for the char conversion below 90%.
The validity of the first-order kinetics may suggest that
steam gasification of char proceeds according to different
mechanism than that for gasification with carbon dioxide
and oxygen. As it was mentioned above, the shrinking core
model (as well as the first-order model) does not predict the
experimental data for oxygen over 85-93% of conversion.
It might be possible that diffusion limitations can play an
important role in this conversion region. The sewage
sludge char is a porous material with a complex structure
(distribution of pores within the particle) [26], which
makes it difficult to reach the solid surface by reacting gas
in the micro-porous region where the char is only available
at the end of the reaction. As can be seen from Fig. 3b, the
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shrinking core model in the regime of chemical kinetic
control reaction can be used only up to certain maximum
value of conversion which decreases with increasing tem-
perature (from about 93% at 450 °C to about 85% at
550 °C). This finding shows that the effect of intra-particle
mass transfer on the rate of reaction is more pronounced at
higher temperatures as it could be expected. The diffusion
limitation is not important in the case of carbon dioxide,
although the same model was proved to be applicable.
However, at 800-950 °C, where the CO, gasification was
studied, the reaction was much slower compared to the
other gasifying agents (see Fig. 6), so the dry gasification
by CO, was almost certainly limited by the chemical
reaction kinetics.

The values of the reaction rate constants determined
from the slope of straight lines drawn for the better-fitting
models are given in Table 2. Upon correlating these values
of rate constants with the temperature (Table 2) according
to Arrhenius law (Fig. 4), the activation energy (E) and the
pre-exponential factor (k,) were obtained.

Table 3 shows the values of parameters k, and E,
obtained for three different gasifying reagents. The values
of pre-exponential factors and activation energy are in the
expected range determined for different biomass char
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Table 2 Kinetic parameters for char gasification with different oxi-
dizing reagents

Table 3 Comparison of kinetic parameters of char during gasifica-
tion with different oxidizers

Reactive Temperature/  k/s™ ! ky/s™!
atmosphere °C
10 vol.% O,/ 450 7.044 x 107>
90% Ar 500 2221 x 107*
550 7.0611 x 107*
50 vol.% CO,/ 800 4284 x 107°
50% Ar 850 1.965 x 107*
900 1.210 x 1073
16 vol.% H,0/ 750 1.619 x 107*
84% Ar 800 5482 x 107*
950 1.210 x 1073
-6
In(k) = 13.9 - 23167/T
In(k) = 9.36 — 13695/T
-7 4
A
@
x
c
4 4
O Oxygen
A Steam
O Carbon dioxide
—10 4
In(k) = 15.6 — 27341/T
T T T T T T T
0.0008 0.0010 0.0012 0.0014
1/TIK™

Fig. 4 Arrhenius plots for sewage sludge char gasification with
different oxidizers

gasification reactions (e.g. Di Blasi [4], Fermoso et al. [7],
Klose and Woelki [25]). However, the activation energy
for carbon dioxide (223 kJ/mol) is slightly lower than the
value of 260 kJ/mol given by Scott et al. [26] for char
derived from sewage sludge containing similar amount of
ash.

Analysis of results shown in Fig. 2d—f concerning the
effect of concentration of oxidizing reagents on the con-
version leads to the conclusion that the same kinetic
models, as discussed above, can be also applied for the
whole range of concentration of gaseous reagent. Figure 5
shows the application of the kinetic models discussed
earlier to experimental results obtained during gasification
of sewage sludge char under reactive gas atmospheres
containing different amounts of the oxidizing agent.

The shrinking core model was found again to be the
most suitable one for all studied concentrations of oxygen
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Oxidizing reagent koo/s™! or kov/sq E/J mol™! n

Oxygen 1.16 x 10* 114 0.88
Carbon dioxide 5.96 x 10° 227 0.39
Steam 1.09 x 10° 193 0.30

and carbon dioxide. As an example, the data for oxygen are
shown in Fig. 5a. It is worth to notice that this model is
also valid for 100% O,; however, in this case the upper
limit of its applicability is only to about 85% of conversion.
Figure 5b confirms that the first-order reaction model gives
a good prediction of experimental data for steam gasifica-
tion process in the studied range of H,O concentration.

The gasification and combustion of char are the complex
reactions taking place according to several steps as sum-
marized in the article by Di Blasi [4]. In general, the gas-
ification or combustion reaction is initiated by reversible
adsorption of gasifying species on active carbon site fol-
lowed by surface reaction and gaseous products formation.
Taking into account the detailed mechanism of gasification
process, the Langmuir-Hinshelwood type of kinetic equa-
tion describing effect of gasifying reagent concentration on
the overall reaction rate can be derived. In thermogravi-
metric measurements where the product concentrations are
low enough and/or the inhibiting effect exerted by the
product gases can be ignored, the more complicated
Langmuir-Hinshelwood equation is often approximated by
simple form represented by Eq. 3 [4].

The reaction rate constants determined for various
concentrations of gasifying reagent were presented in
double-log plot in Fig. 6. These results were used to
determine parameter n in Eq. 3 which is a formal reaction
order with respect to oxidizing agent. The values of
parameter n for different gases are given in Table 3.

An examination of the results of the biomass gasification
kinetics evaluation shows that the exponent of the gaseous
reactant pressure is around 0.4—1 [4]. The higher value of
reaction order for oxygen n = 0.88 and the lower value of
reaction order with respect to CO, n = 0.39 are in accor-
dance with the literature data. However, the value 0.3 for
steam gasification is lower, we have to notice that this value
was obtained for sewage sludge, which is not the same as
lignocellulosic chars analysed by Di Blasi [4]. It is known
that differences in char reactivity and values of kinetic
parameters (activation energy and reaction orders) are
caused by the biomass property, especially by the ash con-
tent due to its catalytic properties. The lower value of the
parameter n reflects the strong inhibiting effects of steam
and carbon dioxide adsorption on the gasification rate.
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Fig. 5 Plots of the linearized

model equations for gasification

of sewage sludge char by
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Fig. 6 The effect of oxidizers concentration on reaction rate constant

Conclusions

Char samples obtained by pyrolysis of municipal sewage
sludge were gasified in a thermobalance at atmospheric
pressure with oxygen, carbon dioxide or steam to study
their reactivity at different temperatures and oxidizing
agent concentrations. The thermogravimetric experiments
performed in a dynamic mode with constant heating rate
showed that oxygen reacts with char at relatively low
temperatures. In this case the reaction starts at about
400 °C, whereas carbon dioxide and water vapour react
with char only at above 700-750 °C.

To understand the behaviour of pyrolysis char during
gasification, several models have been used with differ-
ent degrees of complexity. In this study, the most
common and simpler rate models for gas—solid reaction
(volumetric and shrinking core models) have been
applied to describe conversion of char during gasification
processes. The shrinking core model for reaction-con-
trolled regime was found to be the best for predicting the
rate of char gasification up to 90% conversion in CO,
and in O, atmosphere. The experimental data for steam
gasification of the char were fitted best by the first-order
kinetics.

The activation energies and pre-exponential factors were
calculated for char gasification with different oxidizing
agents using the most suitable models. In addition, the
reaction orders in respect to the concentration of each
oxidizing agent were determined. These values as well as
the activation energies obtained in this study are in the
range of values reported in the literature for coal and bio-
mass char gasification processes.
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