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Abstract

Pyrolysis of sewage sludge was studied experimentally in a stainless-steel
reactor operated as a fixed or fluidized bed. A novel measuring technique,
consisting of measuring the mass of the whole reactor and the sample on a
scale, was applied. The scale was capable of measuring the whole mass of the
reactor with enough accuracy to detect the mass released by the sewage
sludge sample during its pyrolysis. This original measuring technique permitted
the measurement of the evolution over time of the mass of sewage sludge
supplied to the bed in batch during its pyrolysis while moving freely in the bed.
From the measurement of the mass of the solid residue remaining in the
reactor, the pyrolysis time of the sewage sludge sample can be obtained
accurately for each operating condition. Different operating conditions were
selected to analyze the evolution with time of the sample mass during the
pyrolysis process, including the bed temperature and the velocity of the

Nitrogen used as inert gas. An increase of the velocity of Nitrogen from that of a
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fixed bed (0.8Unr) to that of a low velocity bubbling fluidized bed (2.5Umr)
accelerates remarkably the pyrolysis process, i.e. reduces the pyrolysis time,
however increasing the Nitrogen velocity further has a slight effect on the
characteristic velocity of the pyrolysis process. The pyrolysis process of sewage
sludge can also be accelerated by increasing the bed temperature, even though
the effect of the temperature is lower than that of the Nitrogen velocity.
Furthermore, a mathematical model based on a first order apparent kinetics for
the pyrolysis of sewage sludge was proposed. The model was employed to
estimate the pyrolysis time for each operating condition, obtaining a proper

agreement with the experimental measurements.

Keywords: Sewage sludge; pyrolysis; fixed bed; fluidized bed; pyrolysis time.

Notation

dvm  Particle diameter of the bed material [m].

di Inner diameter of the reactor [m].

dp Particle diameter of sewage sludge [m].

g Gravity acceleration [m s2]

h Height of the reactor [m].

hp Height of the fixed bed [m].

k Apparent rate constant [s™].

ksoo  Apparent rate constant for a reactor temperature of 500 °C [s™].

keoo  Apparent rate constant for a reactor temperature of 600 °C [s™].
2



45

46

47

48

49

50

51

52

53

54

95

56

57

58

59

60

61

62

63

Myol

Myolo

Mres

tmod

toyr

Tamb

Umf

VIV*

X vol

Xres

&t

Mass of the sample [kg].

Initial mass of the sample [kg].

Mass of volatiles remaining in the sample [kg].

Initial mass of volatiles in the sample [kg].

Mass of the solid residue in the sample [kg].

Reaction order [-].

Time [s].

Estimated pyrolysis time [s].

Experimental pyrolysis time [s].

Temperature [K].

Reference temperature [K].

Gas velocity [m s].

Minimum fluidization velocity [m s™].

Reacted fraction [%].

Percentage of mass of the sample [%].

Percentage of total volatile content [%].

Percentage of solid residue [%].

Relative error of the pyrolysis time [%].

Void fraction of the bed material [-].
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pom  Particle density of the bed material [kg m3].

g Gas density at reactor temperature [kg m=].

pgamb Gas density at reference temperature [kg m-3].

g Gas dynamic viscosity at reactor temperature [kg m' s'].

tg,amp Gas dynamic viscosity at reference temperature [kg m™' s1.

i Sphericity of the dense phase particles [-].

1. Introduction

Sewage sludge is the solid residue produced during the treatment of municipal
and industrial wastewater. The rapid development of urbanization and
industrialization has contributed to the dramatic increase of sewage sludge
production over the last decades [1], causing a critical problem of waste
management. The ways of disposing sewage sludge can be divided into three
main applications: landfill, agricultural use, and incineration or thermochemical
conversion [2]. Nonetheless, the European regulations limit the use of sewage
sludge for landfilling due to environmental problems, while the use for
agricultural purposes has been also restricted because of the harmful
components of sewage sludge such as heavy metals, polyaromatic
hydrocarbons, and polychlorinated biphenyls [3]. In contrast, sewage sludge
thermochemical conversion permits to recover energy, reduces the volume of

the residue by 70% and thermally destructs the pathogens [4].

Among the different thermochemical conversion processes, pyrolysis is

considered to be a promising sewage sludge disposal technology due to its
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advantages, such as residue volume reduction, concentration of heavy metals,
and stabilization of waste [5]. Pyrolysis processes can be divided into
conventional or fast pyrolysis, depending mainly on the pyrolysis vapors
residence time in the reactor. In conventional pyrolysis, vapor residence times
can vary between 5 and 30 min, whereas in fast pyrolysis processes, typical
vapor residence times are around 1-5 s [6]. Fast pyrolysis of biomass is usually
employed for fuel liquid production because of the high yield of bio-oil generated
[7]. Even though fast pyrolysis of biomass has achieved a commercial status
[8], many aspects are still empirical, requiring further study to improve the

efficiency and reliability of the process, and the final product characteristics [9].

Despite the numerous studies published focusing on thermochemical
conversion of sewage sludge, most of them work with dry sludge due to the
significant reduction of the efficiency and the operating problems derived from
the conversion of wet sewage sludge. In this way, fluidized bed reactors permit
both the thermochemical conversion and the drying processes to be carried out
in the same reactor, avoiding a significant decrease in efficiency. Fluidized beds
are employed as industrial chemical reactors due to their ability to convert low
quality solid fuels, even wet sewage sludge, with a high efficiency and with an
associated low emission of pollutants. The homogeneous and low reaction
temperature of fluidized beds limits the emissions of NOx, whereas sorbent bed
materials can be used for in-bed capture of SOx emissions. The technology of
bubbling fluidized beds is adequate for the conversion of highly volatile fuels
such as biomass and organic waste, for which the conversion can occur in the
bubbling bed at low temperatures without the need of in-bed heat exchangers

[10]. The performance and emission level of bubbling fluidized beds are
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influenced by fuel mixing [11], which can be improved by increasing the

fluidizing gas velocity [12-15].

The products obtained from the pyrolysis of biomass in a fluidized bed are
affected by the operating conditions, such as fuel particle diameter, pyrolysis
vapors residence time and reactor temperature. The bed temperature is
considered to be the most influential parameter and thus several authors have
focused their research on analyzing its effect on the liquid yield [16-18]. In these
works, the bed temperature that maximizes the liquid yield is studied. For low
reactor temperatures, the energy supplied to the fuel particles is limited and
thus the total amount of volatile matter is not released from the solid fuel. In
contrast, for high reactor temperatures, the pyrolysis vapors generated may
suffer secondary cracking reactions, resulting in an increase of non-
condensable gases, decreasing the liquid yield. Therefore, the optimal reactor
temperature to produce liquid fuel from a pyrolysis process is a moderate
temperature. Concerning the maximum bio-oil yield produced from the pyrolysis
of sewage sludge in fluidized bed reactors, Jaramillo-Arango et al. [19] obtained
a liquid production of 40 wt% for a temperature of 600 °C; the maximum liquid
yield reached by Alvarez et al. [20] was 48 wt% for a bed temperature of 500
°C; and Fonts et al. [21] reached a maximum liquid production of 40 wt% at a
temperature of 550 °C. Sun et al. [22] studied the pyrolysis of sewage sludge in
a wide range of temperatures between 300 and 900 °C, concluding that the
maximum liquid production from the condensation of the pyrolysis vapors was
obtained at moderate temperatures of around 550 °C. In fact, in a following
study [5], they focused the analysis of sewage sludge pyrolysis on a narrow

temperature range of 400-600 °C. Moreover, for temperatures above 650 °C the
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char generated during the pyrolysis process may react with the water vapor

produced [23].

The secondary thermal cracking of the pyrolysis vapors depends also on their
residence time inside the reactor. To avoid the thermal cracking of the product
gas, which promotes the formation of non-condensable gases and diminishes
the formation of liquid yield, the residence time of the pyrolysis vapors at high
temperatures should be limited. The effect of this parameter on the bio-oil
production has been studied by several authors, showing an increase in the
liquid yield produced during the pyrolysis of sewage sludge when decreasing

the residence time [24, 25].

In this work, a novel measurement technique is employed to analyze the
evolution of the pyrolysis process of sewage sludge in a lab-scale bed reactor.
The reactor was installed over a precision scale capable of measuring the mass
released by the sewage sludge sample during its pyrolysis process, moving
freely inside the reactor. This original measurement technique permits the study
of the pyrolysis process to be focused on the solid fuel instead of analyzing only
the liquid and/or the gas produced. The measurement obtained from the scale
permitted the measurement of the evolution over time of the mass released by
the sample for various operating conditions. The pyrolysis of sewage sludge
was analyzed for six different Nitrogen velocities, from a velocity lower than the
minimum fluidization velocity, corresponding to a fixed bed, to a velocity three
times faster than the minimum fluidization velocity, which induces a bubbling
fluidized bed. For each gas velocity, two different bed temperatures, 500 °C and
600 °C, in the range for which the liquid fuel production from pyrolysis is

maximized, were tested. The pyrolysis time was obtained from the experimental
7
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measurements, and a mathematical model based on a first order apparent
kinetics was proposed. The pyrolysis time estimated by the model was

compared to the experimental results obtaining a fairly good agreement.

2. Theory

Pyrolysis is a complex process in which a huge amount of chemical reactions
occur simultaneously or consecutively. The parallel reactions taking place are in
competition to each other and depend mainly on the pyrolysis conditions. A
simplified approach permits the variation of the sample mass with time, dm/df,
to be determined as a function of the remaining volatile matter in the sample,
mvo, and an apparent rate constant, k, for a determined reaction order, n, [23]

as:
(1)

The mass of the sample, m, at each time, t, can be determined as the
summation of the volatile matter remaining in the sample, mvo, and the solid

residue, Mres.

m= mval + mres (2)

Considering a first order reaction, n = 1, which is the simplest and most

generally used case, the integration of Eq. (1) reads:

m= mvolO ' eXp(—k 't)+mres (3)

where myop is the initial mass of volatiles in the sample. Dividing Eq. (3) by the
initial mass of the sample, mo, the evolution of the percentage of mass of the

sample, X, with time, f, can be estimated as a function of the initial percentage
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of volatile content, X.o, the percentage of solid residue, Xes, and the apparent
rate constant, k. Notice that the percentage of solid residue is related to the

initial volatile content of the sample as Xres = 100 - Xy

X=Xw,~exp(—k-t)+Xm 4)

3. Materials and methods
3.1. Experimental facility

The pyrolysis of the sewage sludge samples was carried out in a cylindrical lab-
scale fluidized bed reactor, made of stainless steel, with an inner diameter, d, of
4.7 cm and a height, h, of 50 cm. The heat required to reach the reactor
temperature for the pyrolysis was supplied by three electric resistors with a
power of 500 W each one; one of them was located at the plenum and the other
two over the distributor. A potentiometer was employed to control the thermal
power released by the resistors. Nitrogen was used as the inert fluidization gas.
The Nitrogen flowrate was supplied by a B50 bottle from Abellé Linde,
containing Nitrogen 3.0 at a pressure of 200 bar. The Nitrogen flowrate was
measured by a flowmeter PFM750-FO01-F from SMC, with a measurement
range from 1 to 50 I/min. The whole reactor, surrounded by the three resistors,
rested on a precision scale PS 6000 R2 from RADWAG, capable of measuring
up to 6 kg with a resolution of 0.01 g. A schematic of the experimental facility

employed to conduct the pyrolysis experiments is shown in Fig. 1.
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Fig. 1: Schematic of the experimental facility.

3.2. Bed material characterization

Silica sand was employed as bed material since it is known to be inert, not
affecting the reaction rate during the thermochemical decomposition of biomass
[26]. The silica sand particle diameter, dvm, was in the range of 425 - 600 um
and the particle density, p»m, was 2600 kg/m3. A mass of 240 g of sand was
used in each test to reach a fixed bed height, hs, of 9.4 cm (bed aspect ratio

hw/di = 2), corresponding to a void fraction, &, of 0.44.

The variation of the gas density, pg, with temperature was considered to
determine the minimum fluidization velocity, Umr, as described in Sanchez-
Prieto et al. [27]. The gas density at the reactor temperature was calculated

considering the ideal gas law:

T
pg = pg,amb Tb (5)

where pg is the Nitrogen density at temperature T and pgams» is the Nitrogen

density at the reference temperature T.mp. The reference temperature was
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selected as Tamp» = 300 K and the Nitrogen density at this temperature is pg,am» =

1.14 kg/m3.

The minimum fluidization velocity can be estimated as a function of the reactor

temperature using the correlation of Carman-Kozeny [28]:

d YV (p, - 3
Umf _ (¢ bm) (pbm pg)g & (6)
1804, -z

where Upr is the minimum fluidization velocity, ¢ is the sphericity of the dense
phase particles, ¢ is the void fraction, g is the gravity acceleration, dvm is the
diameter of the bed material particles, p»m is the density of the bed material
particles, pq is the density of Nitrogen at the reactor temperature, and g4 is the
dynamic viscosity of Nitrogen at the bed temperature. The variation of the
dynamic viscosity of Nitrogen with the reactor temperature, T, can be

determined by the potential law:

T 2/3
/ug = ﬂg,amb [T_j (7)

amb

where the dynamic viscosity of Nitrogen at the reference temperature (Tamp» =

300 K) is ugamb = 1.78-107° kg/(m-s).
4. Results and discussion

4.1. Minimum fluidization velocity

The minimum fluidization velocity of the silica sand particles was measured as a
function of the bed temperature. Fig. 2 shows the experimental results of the
minimum fluidization velocity, Ums, together with the estimation from the

Carman-Kozeny correlation (Eq. 6), as a function of the reactor temperature, T.
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An average particle diameter of silica sand of dvm = 512.5 um and a sphericity
of ¢ = 0.8 were selected for the Carman-Kozeny correlation. As can be seen in
Fig. 2, the estimation of the Carman-Kozeny correlation properly describes the

variation of the minimum fluidization velocity measured experimentally.

25
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15| [l
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f
1
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!

% Experimental measurements
-—-Carman-Kozeny correlation
0 100 200 300 400 500 600

T [°C]
Fig. 2: Variation of the minimum fluidization velocity with the reactor

temperature.
4.2. Sewage sludge characterization

The sewage sludge samples employed in this work were produced by the
municipal sewage treatment plant of Loeches (Madrid, Spain) in February 2016.
The sludge was taken after a pre-drying process at 80 °C in a fluidized bed in
the sewage treatment plant. Proximate and ultimate analyses were performed
to characterize the samples. The former test was conducted in a TGA Q500
from TA Instruments, where the moisture, ash, volatile matter, and fixed carbon

contents of the sample were determined.

The ultimate analysis of the sample was carried out in a LECO TruSpec CHN
analyzer, where the Carbon and Hydrogen contents of the sample were
measured using an infrared absorption detector for the exhaust gases obtained
from the complete combustion of the sample carried out in pure Oxygen. The

Nitrogen content is determined conducting the exhaust gases through a thermal
12
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conductivity cell. The results of the proximate and ultimate analyses of the
sewage sludge samples are included in Table 1. Further details of the
characterization of the sewage sludge samples can be found in Soria-Verdugo
et al. [29]. The values obtained for the characterization of the sewage sludge

are similar to those obtained by different authors, such as [30-33].

Table.1: Results obtained from the proximate and ultimate analyses of the

sewage sludge (d: dry basis, daf: dry-ash-free basis, * obtained by difference).

Proximate analysis

Volatile matter [% d] 57.11
Fixed carbon* [% d] 34.66
Ash [% d] 8.23
Elemental analysis
C [% daf] 56.46
H [% daf] 7.91
N [% daf] 8.42
O* [% daf] 27.21

Prior to the pyrolysis experiments in the reactor, the sewage sludge samples
were sieved under a particle size dp < 3 mm and dried at 105 °C in a universal
oven UFE 500 from Memmert for 5 hours, after which no mass variation of the
sample was detected. The pyrolysis of this sewage sludge under linear,
parabolic and exponential temperature increases in a thermogravimetric

analyzer (TGA) was studied in detail in a previous work [29].

4.3. Pyrolysis experimental measurements

The sewage sludge pyrolysis experiments consisted of recording the mass
signal measured by the scale while the pyrolysis process of the sewage sludge
sample was taking place inside the reactor. Therefore, the mass released
during the pyrolysis of the sampled could be determined. First, the reactor, filled

with the sand particles that conformed the bed, was heated by the resistors to

13
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the desired reactor temperature, T, while an air flowrate was used as fluidizing
agent. Once the reactor temperature of the test was reached, the fluidizing gas
was switched to Nitrogen, and the flowrate was adjusted. When the operating
conditions of the bed, i.e. reactor temperature and Nitrogen flowrate, were
selected, the scale, in which the reactor rested, was tared and a batch of
around 10 g of dry sewage sludge particles was introduced through the top of
the reactor. Each experimental measurement was replicated to test the
reproducibility of the experimental procedure, obtaining deviations lower than

5%.

The mass signal measured by the scale during the pyrolysis of the sewage
sludge registered the vibration induced by the ascension of bubbles when the
bed was fluidized. Therefore, the mass signals measured in all cases were
filtered using a moving average. Further details of the filtration of the mass
signals can be found in a previous work [34]. The filtered signals were proved to
follow the average behavior of the raw signal measured by the scale in all

cases.

Different operating conditions were tested, varying both the reactor temperature
and the fluidizing gas velocity. The reactor temperatures analyzed in our work
are 500 and 600 °C, temperatures for which the production of liquid fuel from
the condensation of the sewage sludge pyrolysis vapors is optimal. A
thermogravimetric analysis of the pyrolysis of the same sewage sludge studied
in this work showed that most of the mass released by the samples during the
pyrolysis occurs for temperatures below 500 °C [29]. Concerning the velocity of
the fluidizing gas (Nitrogen) during the pyrolysis process, 6 different values
were tested for each reactor temperature, U/Umnr = 0.8, 1, 1.5, 2, 2.5, 3, from a

14
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velocity lower than Umr, corresponding to a fixed bed reactor, to 3 times Upy,
which induces a bubbling fluidized regime in the reactor. Gas velocities higher
than 3Unr may produce large bubbles in the bed compared to the reactor

diameter, leading to a slugging regime, which is not the focus of this work.
4.4. Evolution of the sewage sludge mass during the pyrolysis process

The evolution with time of the mass of the sewage sludge sample during the
pyrolysis, measured by the scale, was filtered and divided by the initial mass of
the sample, mo, to obtain the percentage of mass remaining, X. The variation of
X with time during the pyrolysis of sewage sludge for each gas velocity
analyzed are plotted in Fig. 3 a) for a reactor temperature of 500 °C and in Fig.
3 b) for a bed temperature of 600 °C. The pyrolysis process is accelerated when
increasing the fluidizing gas velocity for the two reactor temperatures tested.
This fact can be attributed to the increase of the heating rate of the sewage
sludge particles [9, 35] caused by the higher axial fuel mixing obtained when the
fluidizing gas velocity is increased [14, 15]. Comparing the experimental
measurements obtained for both reactor temperatures, a slight effect of the
temperature can be observed, accelerating scarcely the pyrolysis process when
increasing the reactor temperature from 500 °C to 600 °C. Nevertheless, the
effect of the reactor temperature on the pyrolysis process is lower in

comparison with the significant effect of increasing the fluidization velocity.
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Fig. 3: Evolution with time of the percentage of mass of the sewage sludge

sample remaining in the reactor for a bed temperature of a) 500 °C and b) 600

°C.

To facilitate the analysis of the effect of the reactor temperature on the pyrolysis
process, the derivative of the percentage of mass remaining in the reactor is
plotted as a function of time in Fig. 4. The derivative of the percentage of mass
is clearly increased for both reactor temperatures when increasing the
fluidization velocity, accelerating the pyrolysis of the samples as stated above.
Comparing the results plotted in Fig. 4 a) for a reactor temperature of 500 °C
with those in Fig. 4 b) obtained for a bed temperature of 600 °C, the increase of
the derivative of X with temperature can be observed. Therefore, the pyrolysis
reaction of sewage sludge can be accelerated by increasing the gas velocity

and/or the reactor temperature.
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Fig. 4: Variation with time of the derivative of the percentage of mass of the

sewage sludge sample remaining in the reactor for a bed temperature of a) 500

°C and b) 600 °C.

The percentage of mass remaining after the pyrolysis process, Xws, can be
determined as the percentage of mass at the end of the tests shown in Fig. 3. It
can be observed in Fig. 3 that this percentage of mass remaining, Xies, depends
on the operating conditions. To analyze the effect of both the reactor
temperature and the Nitrogen velocity on the mass remaining after the
pyrolysis, Xres, Fig. 5 shows the percentage of mass of volatiles released by the
sample during the complete pyrolysis process, Xvo, defined as Xvo = 100 - Xjes.
Thermogravimetric analysis (TGA) tests of the pyrolysis of sewage sludge
samples were also carried out for comparison to the pyrolysis tests in the
reactor. The TGA tests were conducted in the TGA Q500 from TA Instruments
and consisted of measuring the evolution of an initial mass of 10 mg of sewage
sludge in a Nitrogen atmosphere at temperatures of 500 °C and 600 °C. The
percentage of volatile matter released by the sewage sludge during the
pyrolysis in the TGA is also included in Fig. 5 as dotted (T = 500 °C) and
dashed (T = 600 °C) lines for comparison, although the Nitrogen flowrate for all

the TGA tests was maintained constant at 60 ml/min.
17
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Fig. 5: Total volatile matter released by the sewage sludge sample.

The percentage of volatile matter released by the samples during the pyrolysis
process in the reactor is very similar to that obtained in the TGA, provided that
the Nitrogen velocity is sufficient to induce a proper fluidization of the bed (U/Ums
> 1.5). However, when the pyrolysis occurs in a fixed bed (U/Uns = 0.8) or in a
bed at minimum fluidization velocity (U/Umr = 1), the value of X,o obtained in the
reactor is lower than that of the TGA. This can be attributed to heat transfer
effects inside the sample when no bubbles are present in the bed (U/Umr < 1)
and the fuel particles accumulate on the bed surface after being introduced in a
batch through the bed top, and thus the low conduction of heat inside this
accumulation of fuel particles in the surface is important. When the gas velocity
is increased above the minimum fluidization velocity (U/Ums > 1), bubbles
appear in the bed and induce the motion of fuel particles, breaking the typical
accumulation of fuel found in fixed beds, and enhancing the axial dispersion of
fuel inside the bed [14, 15]. Therefore, in the case of fluidized beds, the fuel
particles are separated from each other due to the higher dispersion of fuel
induced by the presence of bubbles, hence the effect of heat transfer inside the

sample is reduced, and the heating rate is increased.
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The values of the percentage of volatile matter released during the pyrolysis of
sewage sludge, Xvo, shown in Fig. 5 are in accordance with those reported by
different authors in the literature. Regarding the pyrolysis of sewage slugde in a
fixed bed, Wang et al. [1] obtained values of X,or = 50.9% and Xvoi = 55% for
reactor temperatures of 500 °C and 600 °C respectively, whereas Atienza-
Martinez et al. [36] reached X,o = 51% for a bed temperature of 530 °C. Despite
the great heterogeneity in the composition of sewage sludge, these values are
quite close to those obtained in our work, Xvor = 47.2% for T = 500 °C and Xyo =
55.1% for T = 600 °C. Concerning the pyrolysis of sewage sludge in a fluidized
bed, Shen and Zhang [25] obtained percentages of volatile matter of Xvo =
55.2% and X,o = 57.4% for fluidized bed temperatures of 500 °C and 600 °C,
respectively, which are comparable to those obtained in this work Xvo = 53.4%
(T = 500 °C) and Xvo = 60.1% (T = 600 °C) in the TGA tests. Furthermore,
several authors informed of a reduction of the solid residue produced during the
pyrolysis of biomass for higher heating rates [9, 23, 37] and pyrolysis

temperatures [6, 16, 19, 20, 25].
4.5. Pyrolysis time

The effect of the different volatile matter released for each operating condition
can be removed by re-scaling the evolution of the percentage of sewage sludge
mass remaining in the reactor, X, shown in Fig. 3, to calculate the reacted
fraction, V/V*. The reacted fraction, V/V* is defined as the ratio of the volatile
matter released at a determined time to the total volatile matter released after
the complete pyrolysis process, thus V/V* = 0% at the beginning of the pyrolysis
process and V/V* = 100% when the process ends. The results obtained for the

reacted fraction, V/V*, are shown in Fig. 6, where a very similar shape of the
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curves obtained for the different gas velocities and reactor temperatures can be
observed. The increase of either the gas velocity or the bed temperature
produces a displacement of the curves to shorter times, reducing the time

needed for the pyrolysis of the sample.
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Fig. 6: Evolution of the reacted fraction of sewage sludge with time for reactor

temperatures of a) 500 °C and b) 600 °C.

The pyrolysis time, fpy, can be calculated as the time needed to reach a
determined value of the reacted fraction. In this work, a value of V/V* = 95% is
selected to determine the pyrolysis time. Fig. 7 shows the pyrolysis time of
sewage sludge as a function of the Nitrogen velocity for the two different reactor
temperatures studied. A substantial reduction of the pyrolysis time can be
obtained by raising the fluidization velocity. The reduction of the pyrolysis time
between a fixed or minimum fluidization bed (U/Unr < 1) and a bubbling fluidized
bed reactor (U/Umr > 1.5) is significant, due to the higher heating rate
characteristic of fluidized beds [24]. A clear reduction of the pyrolysis time with
the reactor temperature can be also observed for low gas velocities (U/Umr <
2.5). However, these differences are negligible when increasing the Nitrogen

velocity (U/Unmr > 2.5).
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The reduction of the pyrolysis time produced by fluidized bed reactors is of
central importance for industrial reactors since a lower pyrolysis time, i.e. faster
pyrolysis reaction rate, permits the increase of the fuel feeding rate and, thus,
the production of liquid fuel from the condensation of the pyrolysis vapors is
enhanced. Furthermore, a higher fluidizing gas velocity reduces the pyrolysis
vapors residence time in the reactor, promoting a higher content of condensable
gases in the pyrolysis vapors, which further improves the production of liquid

fuel from the pyrolysis of the sample [9, 17, 25].
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Fig. 7: Pyrolysis time of sewage sludge for reactor temperatures of a) 500 °C

and b) 600 °C.

4.6. Modelling of the pyrolysis process of sewage sludge

In this section, a mathematical procedure to estimate the pyrolysis time of
sewage sludge as a function of the operating conditions of the reactor is
presented. The procedure is based on determining the apparent rate constant,
k, for the different gas velocities and reactor temperatures studied
experimentally. The apparent rate constant, k, can be determined by fitting the
experimental curves of the evolution of the percentage of mass of the sample,
X, with time, shown in Fig. 3, to an exponential decay function in the form of Eq.

(4). The fitting of the experimental curves X — t was carried out only for Nitrogen
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velocities high enough to properly fluidize the bed, i.e. U/Uxnr > 1.5, causing a
negligible effect of heat transfer inside the sample. For the pyrolysis tests of
high gas velocities (U/Umr > 1.5), the percentage of volatile matter released by
the sewage sludge can be considered to be an exclusive function of
temperature, being Xvor = 53.4% for a reactor temperature of 500 °C and Xyo =
60.1% for a bed temperature of 600 °C (see Fig. 5). Therefore, the only free
parameter on the fitting of the evolution of X with time to Eq. (4) is the apparent
rate constant, k. The values obtained for the apparent rate constant, k, for each
operating condition are included in Table 2, together with the determination
coefficient, R?, of the fitting. As can be observed in Table 2, the determination
coefficient, R?, is higher than 0.98 in all the cases analyzed, thus the
experimental data of the variation of the percentage of mass of sewage sludge
during the pyrolysis in the bubbling fluidized bed reactor can be said to follow a

first order apparent kinetics.

Table 2: Values of the apparent rate constant and determination coefficient of

the fitting for different gas velocities and reactor temperatures.

T =500 °C T =600 °C
UUmil-] | k[min'l  R2[-] | k[min"']  R2[]
1.5 1.25 0.981 2.07 0.986
2 2.43 0.983 5.88 0.985
25 6.48 0.996 7.89 0.984
3 8.18 0.991 9.61 0.987

The values obtained for the apparent rate constant, included in Table 2, are
depicted in Fig. 8 as a function of the dimensionless gas velocity, U/Unr, for both

reactor temperatures, along with a linear fitting of the data.
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Fig. 8: Apparent rate constant obtained from the fitting as a function of the gas

velocity.

The variation of the apparent rate constant, k, with the dimensionless gas
velocity, U/Umr, was fitted to a linear equation, obtaining the slopes and
intercepts presented in Eq. (8) and Eq. (9) for T = 500 °C and T = 600 °C,
respectively. The increase of the apparent rate constant with the gas velocity is
similar for the two reactor temperatures analyzed, as can be observed from the
similar values of the slopes in Egs. (8) and (9). The reactor temperature affects
only the intercept of the linear fitting of the apparent rate constant with the

dimensionless gas velocity.

ks =4.97(U /U, )—6.59 (8)

koo =4.92(U /U, )-4.71 9)

The pyrolysis time can be estimated, tmos, using the first order kinetic model
described in section 2, as an only function of the apparent rate constant
obtained for each bed temperature and gas velocity. Egs. (8) and (9) can be
used to estimate the value of the apparent rate constant for the pyrolysis of
sewage sludge in a bubbling fluidized bed as a function of the gas velocity, for

reactor temperatures of 500 °C and 600 °C, respectively. The estimated values
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of the apparent reaction velocities, ksoo and kesoo, can be introduced in Eq. (4) to
estimate numerically the evolution of the percentage of mass of the sewage
sludge sample, X, with time during the pyrolysis process. This numerical
estimation of the evolution of X with time can be rescaled to obtain a numerical
reacted fraction, V/V*, that can be employed to calculate the estimated pyrolysis
time, tmoa, as the time for which the numerical reacted fraction reaches 95%.
The results obtained for the estimation of the pyrolysis time, tmoq, are presented
in Table 3 together with the experimental results, t, for comparison. The
relative error, &, between the estimated and the experimental pyrolysis time is
also included in Table 3 for each operating condition of the fluidized bed
reactor. The results presented in Table 3 show a good agreement between the
prediction of the pyrolysis time by the model and the experimental results,

obtaining relative errors around 10%.

Table 3: Comparison between the estimated and experimental pyrolysis times
for different gas velocities and reactor temperatures.

T =500°C T =600 °C
Umi[-] | toyr[S] ftmod[S] &[%] | foyr[S] fmod [S] & [%]
15 999 1112 113 [ 637 609 44

2 55.6 49 11.9 23.7 26.3 11
2.5 23.4 25.8 10.2 17 19.1 12.3
3 16.8 17.5 4.2 14.3 14.9 4.3

5. Conclusions

The pyrolysis process of sewage sludge was studied experimentally in a bed
reactor, analyzing the evolution of the sample mass with time for different
reactor temperatures and gas velocities. For high gas velocities, corresponding
to a bubbling fluidized bed regime (1.5 < U/Unr <3), the pyrolysis process was

accelerated due to the higher heating rate of fuel particles in fluidized beds in
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comparison to fixed bed reactors. The pyrolysis process occurs faster also for
higher reactor temperatures, although the effect of the bed temperature is slight
compared to that of the gas velocity. The percentage of volatile matter released
by the sewage sludge sample during the pyrolysis in a bubbling fluidized bed
reactor was around 53.4% for a bed temperature of 500 °C and 60.1% for a
temperature of 600 °C. These results are in accordance with the literature, and
very similar to those obtained from a thermogravimetric analysis of the samples.
The amount of volatile matter released by the sewage sludge is slightly lower

when the pyrolysis process is carried out in a fixed bed reactor.

The pyrolysis time was determined experimentally from the evolution of the
reacted fraction of the sewage sludge, showing and important diminution when
the gas velocity increases due to the larger heating rates characteristic of
bubbling fluidized beds. The effect of the reactor temperature is significant for
low gas velocities, whereas for high gas velocities the influence of the bed
temperature is negligible. A mathematical procedure, based on a first order
apparent chemical kinetics and capable of predicting the evolution of the
complex pyrolysis process, was proposed. The apparent pyrolysis rate constant
was obtained from a fitting of the experimental data to the first order kinetics
equation. The apparent rate constant showed a linear increased with the gas
velocity, maintaining a constant slope for the two different bed temperatures
studied. Finally, the mathematical model proposed was employed to estimate
the pyrolysis time for each operating condition, showing a good agreement with
the experimental pyrolysis time, obtaining deviations of around 10% for all the

operating conditions analyzed.
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