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Abstract

This study evaluates the pyrolysis of sewage sludge until
960°C using heating rates between 3 K/min and 12 K/min
in a macro TG/EGA. Mass and energy balances and kinetic
parameters are determined. Thermal decomposition is
divided into a low temperature zone (until 550°C to
590°C), for decomposition of organic matter, and a high
temperature zone, for decomposition of inorganic matter
and secondary reactions of the residual organic matter. In
dry basis at 570°C solid, liquid and gaseous products
amount to 69.2 wt%, 29.2 wt% and 1.6 wt%, respectively.
An increment in the final temperature to 960°C causes a
successive decrease of the solid residue to 56.9 wt%. The
solid product contains more than 80 wt% mineral matter
with high amounts of valuable elements, such as calcium
(Ca) and phosphorus (P). An energy requirement of 2.18
MJ/kg of dry sewage sludge is calculated for the pyrolysis
until 570°C. At this temperature, 58.5% of the energy
entering the process is concentrated in the liquid product
and 40.0% in the solid. A suitable set of kinetic parameters
is determined through a formal independent parallel
reactions model with six-pseudo components, using a
combination of isoconversional and fitting methods.

Keywords: Pyrolysis, sewage sludge, thermogravimetry,
kinetic modeling, mass and energy balances

1. Introduction

There are substantial benefits to be gained from
thermochemical processing as an alternative route to
sewage sludge disposal to landfill sites and soils. The
composition of sewage sludge generated in wastewater
treatment plants is complex and contains organic matter,
pathogens, heavy metals, micropollutants and leachates
(Kacprzak et al., 2017), but also relevant fractions of
nutrients such as phosphorus, calcium, potassium and
sodium (Chanaka et al., 2019b). Damages to the soil and
water resources and risks to public health have led to
increasing restrictions on the disposal of sewage sludge in
landfills and soils worldwide (Kacprzak et al., 2017).
However, the costs associated with its treatment through
thermochemical processes, such as incineration, are
higher than traditional disposal methods, which are still
widely used. Due to the increasing deployment of
wastewater treatment in developing countries and the
tightening of wastewater regulations (Wichelns et al.,
2015), an increase in global sewage sludge production is
expected in the coming years. Moreover recent regulatory
developments have encouraged the implementation of
measures for the recovery of nutrients, especially
phosphorus, present in sewage sludge (Bergfeldt et al.,
2018).

The pyrolysis of sewage sludge has the potential to
achieve advantages similar to those offered by
incineration, such as the reduction in the volume of
residues, the elimination of harmful components, the
possibility of energy and nutrients recovery, and other
uses to the inorganic solid residues (Kacprzak et al., 2017).
The lower temperatures at which pyrolysis can be carried
out, compared with incineration and gasification, offer
operational advantages associated with the avoidance of
heavy metals volatilization, dioxin and furans formation
(Chanaka et al., 2019b), and other problems related to ash
melting, sintering and agglomeration (Seggiani et al.,
2012). The production of solid, liquid and gaseous
products offers additional advantages for pyrolysis as a
possible technical and ecological treatment of sewage
sludge (Trinh et al., 2013). In relation to the use of char
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from sewage sludge pyrolysis, several studies have shown
that the leaching potential of heavy metals decreases in
charcoal (Chanaka et al., 2019b, Wesenbeeck et al., 2014).
It has also been reported that the extraction potential of
phosphorus (P) for pyrolysis char is higher than that for
combustion ash (Bergfeldt et al., 2018). Compared with
lignocellulosic biomass, sewage sludge adds the
complexity of its composition as a decisive variable during
pyrolysis. Typically, after a dewatering step, it has a water
content between 65 wt% and 80 wt% (Roskosch and
Heidecke, 2018). For thermal processing, water contents
below 15 wt% are desired, so an additional drying step
must be added before processing (Gao et al., 2020). The
dry matter of sewage sludge is composed of a fraction of
organic matter that includes proteins, lipids,
hemicellulose, cellulose and lignin (Thipkhunthod et al.,
2007; Zhu et al., 2019), and by a fraction of inorganic
matter, mainly silicates, oxides, sulphates and heavy
metals Tang et al., 2018. This last fraction varies from
around 20 wt% to 54 wt% (dry basis) (Thipkhunthod et al.,
2007; Zhu et al., 2019) and exerts a determining influence
on the yield of the solid residue due to catalytic effects
and decomposition reactions at high temperatures Shao
et al.,, 2010. The products distribution during sewage
sludge pyrolysis is additionally influenced by the process
parameters. Experimental pyrolysis studies are commonly
performed until final temperatures between 450°C and
650°C. Product yields, in dry basis, vary in a wide interval
with solid mass fractions in the range between 32 wt%
(Gao et al., 2014) and 78 wt% (Trinh et al., 2013), liquid
fractions between 14 wt% (Trinh et al., 2013) and 48 wt%
(Alvarez et al., 2015), and gas fractions between 5 wt%
(Alvarez et al., 2015) and 40 wt% (Karaca et al., 2018).
Maximum liquid yields have been obtained between
500°C and 650°C. The effects of the heating rate are
appreciable until the end of the pyrolysis reactions of the
organic fraction. With an increase in the pyrolysis
temperature from 450°C to 650°C and 850°C (Gao et al.,
2014; guanzo et al., 2002) reported very small variations
in the product yields with the heating rate. (Casajus et al.,
2009; Zhu et al., 2019) obtained similar solid yields at
different heating rates when using final pyrolysis
temperatures of 900°C and 1000°C, respectively.

The high wvariability of sludge composition and its
influence on pyrolysis also make it difficult to determine
suitable reaction parameters for process development.
Reaction kinetics has been mainly modeled using single-
step global (Ji et al., 2010), multiple-step (Casajus et al.,
2009) and semi-global (Calvo et al., 1982; Calvo et al.,
2004; Font et al., 2005; Garcia et al., 2009; Thipkhunthod
et al., 2007; Urban and Anta, 1982; Urych and Smolinski,
2016; Xu et al.,, 2018) reaction models. Semi-global
models of independent parallel reactions, according to
pseudo-components decomposition, represent
satisfactorily the thermal decomposition of sewage
sludge. Table 1 presents a summary of relevant kinetic
studies for the pyrolysis of sewage sludge using this type
of models. The determination of the kinetic parameters is
performed mostly using fitting procedures applied to
experimental data. Isoconversional methods are also
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applied in combination with a kinetic model. In these
methods the activation energy is determined using
experiments at different heating rates, thus avoiding the
compensation effect between E, and kg that can occur
when applying only model-fitting (Anca et al., 2014). In
the works presented in Table 1, Urban and Antal 2982
applied the Friedmann isoconversional method, while
(Urych and Smolinski, 2016) use a combination of
deconvolution of experimental data and application of the
Kissinger-Akahira-Sunose (KAS) isoconversional method of
each obtained curve.

The present work evaluates the pyrolysis of sewage sludge
samples obtained from the wastewater treatment plant of
Bogota (Colombia). The aims of the study are to give a
qualitative insight into the behavior of organic and
inorganic matter during thermal decomposition of the
sewage sludge, to establish mass and energy balances and
to determine a suitable set of kinetic reaction parameters
of the process. Pyrolysis temperatures up to 960°C are
used. A macro TG-facility with evolved gas analysis (EGA)
is employed. A formal kinetic model of six parallel
independent reactions is used to represent the mass loss
of sewage sludge samples during pyrolysis. Kinetic
parameters are determined by combining isoconversional
and fitting methods. The integral methods of Flynn-Wall-
Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS) are
used. The kinetic model is coupled with a stoichiometric
reaction scheme to estimate the evolution of the solid,
liquid and gas products. The suitability of the determined
set of reaction parameters allows the simulation of the
slow pyrolysis under different heating rates in the range
between 100 K/min and 200 K/min and up to a high
temperature of 960°C. This model offers a tool for the
scale-up of the process as part of a project under
development, aiming at the production and evaluation of
pyrolysis chars from sewage sludge.

2. Materials and methods

2.1. Sewage sludge and products characterization

Anaerobically digested sewage sludge samples were
obtained from the wastewater treatment plant El Salitre,
located in Bogotd - Colombia. A total of 50 kg of
dewatered sludge were pre-dried and crushed to obtain a
homogeneous particle size (smaller than 3 mm). A sample
of 1 kg was collected by quartering and submitted to a
second drying step in a convection oven at 105°C during
10 h. After milling and sieving, particle sizes between 0.18
mm and 0.25 mm were obtained. The samples were
afterward characterized as indicated in Table 2. Elemental
analysis and low heating value (LHV) of the solid product
were determined using the standards indicated in the
table. The ash content of the solid product was
determined from a mass balance using the ash content of
the sewage sludge sample determined at 960°C. The HHV
of the organic liquid was calculated from its elemental
composition using the experimental correlation of (Li and
Suzuki, 2010) presented in Eq. (1):

HHV,

old

=34.09¢,,, +132.2hy , +11.990, , (1)
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The low heating values (LHV) were calculated from the
high heating values using an evaporation enthalpy of 2.44

MJ/kg. LHV of the gas product was obtained from its
composition according to ISO 6976:2016.

Table 1. Kinetic parameters reported for pyrolysis of sewage sludge from urban water using a scheme of independent parallel

reactions, under operational conditions similar to those used in this work. In all works, an Arrhenius expression is used for the velocity
constant. For the concentration function of the kinetic expression, a power law is applied.

Country us Spain Spain Thailand Spain Poland China
City Princeton Leon Alicante Bangkok Sevilla Katowice Shenzhen
Heating rate/K/min 1-50 10 5-30 20 5-10 1-100 10
Final temperature /°C 600 650 550 600" 700 900 600
Decomposition of organic matter
E./kJ/mol 130 205 103.9 91.9 79.07 - 39.1
R16 In ko/1/s 41.45 40.4 20.12 25.7 12.14 - 2.13
n/1 10.0 2.4 4.13 1.03 0.96 - 1.94
y/1 0.32 0.05 0.26 0.16 0.26 - n.r.2
E./k/mol 250.0 135.0 169.7 119.4 191.42 200.0 76.2
R2 In ko/1/s 57.56 21.99 28.98 29.7 33.59 37.35 11.33
n/1 15.0 1.7 4.06 1.53 2.96 1.0 4.41
v/1 0.68 0.49 0.57 0.15 0.32 0.41 n.r.
E./kl/mol - 138.0 209.4 76.4 80.72 179.0 2.2e-14
R3 In ko/1/s - 18.76 29.81 18.1 7.92 29.55 -7.85
n/1 - 2.5 0.92 1.04 1.2 1.0 0.23
y/1 - 0.44 0.18 0.18 0.28 0.09 n.r.
E./kJ/mol - - - 120.6 200.67 257.0 -
R In ko/1/s - - - 22.8 20.48 39.92 -
n/1 - - - 0.92 0.59 1.0 -
y/1 - - - 0.41 0.1 0.22 -
Decomposition of inorganic matter
E./k/mol - - - - 101.14 237.0 -
RS In ko/1/s - - - - 22.23 25.02 -
n/1 - - - - 2.95 1.0 -
v/1 - - - - 0.04 0.04 -
E,/kJ/mol - - - - - 280.0 -
RG In ko/1/s - - - - - 26.58 -
n/1 - - - - - 1.0 -
y/1 - - - - - 0.06 -
Urban Calvoetal. Fontetal. Thipkhunthod  Garciaet Urych and
Author o Xu et al.
and Antal etal. al. Smolinski
Year 1982 2004 2005’ 2007 2009° 2016"° 2018

1Experimental work is performed until 800°C. Kinetic parameters are determined for reactions taking place until 600°C

Not reported
*Mass fractions yiare normalized to dry and ash-free basis

*Kinetic parameters calculated using the Kissinger isoconversional method of each reaction curve obtained by deconvolution of the

experimental data

>The first reaction proposed in this work corresponds to the drying process of the sewage sludge sample. The parameters of this

reaction are not reported here

®R1to R6 correspond to each independent parallel reaction used for the kinetik analysis

2.2. Experimental facility and procedure

Experiments were carried out in a macro TGA equipped
with a continuous evolved gas analysis system (EGA), as
shown in Figure 1. In the following description the
numbers refer to this figure. The cylindrical reactor is
made of quartz glass and consists of a vertical cylinder and
a sealing piece inserted at its top. The crucible hangs
together with a quartz glass support from the balance (1).
The sample temperature was measured with a K-type
thermocouple placed inside the crucible, as shown in the
detail of Figure 1. The reactor was externally heated by
the electric furnace (2). Nitrogen 5.0 was used as carrier
gas and fed at the top of the reactor through two mass

flow controllers MFC1 and MFC2. The gas phase was
evacuated at the bottom of the reactor and directed
toward the tar condensers TC1 and TC2, where it was
cooled down (between 0°C to 3°C) and separated from
the condensed phase. Afterward, a fraction of the non-
condensable gases passed through the continuous gas
analysis system, composed of three analyzers for the
measurement of H, and CH, (3), CO and CO, (4) and O,
(5). O, was used as control value for the conservation of
the inert atmosphere during the experiments. Then, the
total gas flow was conducted to the gas meter (6). All
measurements were recorded using the data acquisition
module (7) and a computer.
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Table 2: Fuel characterization, structural characterization and mineral matter composition of the sewage sludge used in this study, and
data reported in the literature for comparison purposes. Standard deviations are calculated using three experimental replications.

Proximate analysis/wt%

Standard/Equipment (this  Colombia (this study)

Spain Calvo et al.

Turkey Karaca et al.

study) (2004) (2018)
Mes or EN 14774-3 66.7 £ 0.5 nr.? n.r.
Mes aa EN 14774-3 9.9+0.2 7.9 6.0
Vs EN 15148 453 +0.5 42.9 55.5
Ass s50.d EN 14775 56.2+0.2 53.8 35.5
Ass 7004 EN 14775" 53.7+0,2 n.r. n.r.
Ass 500.d EN 14775" 50.4+0.2 n.r. n.r.
Ass 500.d EN 14775" 47.2+0.2 n.r. n.r.
Elemental analysis/wt%
Huss g EN15104 3.9+0.2 3.3 43
Chiss.d EN15104 29.5+0.4 22.7 34.1
Nuss o EN15104 3.4+0.2 3.1 5.3
Sss g ASTM D516 3.4+0.2 0.9 1.0
Ouss.d - 12.6+0.2 16.1 19.7
ToC? Analyticlena N/C3100 15.6 + 0.4 n.r. n.r.
LHV,/MJ/kg ASTM D240 11.3+0.1 8.8 13.5
Structural composition/wt%, dry
Standard/Equipment (this Colombia (this study) China Wang et al. USA Wesenbeeck et
study) (2016) al. (2014)
Cellulose van Soest et al., 1991 4.5 n.r. n.r.
Hemicellulose van Soest et al., 1991 5.7 n.r. n.r.
Lignin van Soest et al., 1991 15.4 n.r. n.r.
Heavy metals content/mg/kgss,dry
As 450.0 £4.2 1983.8 67.6
Cd <1.0 1.7 3.6
cu Spectrometer Thermo 990.0 + 5.3 3323.9 443
He Electron Corpgratlon sS4 <10 o 027
AA-Serie
Pb 290.0+2.7 69.7 41
Zn 4800.0 £ 21.3 2424.2 1360
Mineral composition/wt%, dry
Standard/Equipment (this Colombia (this study) China Tang et al. (2018) USA Wesenbeeck et
study) al. (2014)
Sio, 22.3 5.4 13.4
Fe,03 17.9 1.8 23.3
Cao 6.9 5.3 9.1
ALO, X Ray fluoresc.e.nce 6.4 43 48
PO spectr.ometer Philips ref. 61 6.6 213
- MagicX PRO PW-2440
TiO, 0.7 0.2 1.2
MgO 0.6 1.0 3.7
K,0 0.6 1.1 2.4

"Modified according to the indicated final temperature
*Calculated by difference using the ash content determined at 960°C

otal organic carbon
*n.r. Not reported

The experimental procedure started by weighting and
placing the sample in the crucible, followed by assembling
of the experimental setup. The flow of N, is fixed in MFC1
and MFC2 and the system was purged until measuring O,
fractions lower than 0.05%. The heating program included
a first drying stage where the sample was heated to 105°C
until constant weight was obtained (40 min to 50 min).
Afterwards, the temperature is increased using a constant
heating rate until a final temperature of 960°C. This
temperature was maintained during 30 min. The sample

was then cooled down until room temperature under
inert atmosphere. The char was removed from the reactor
and weighed (with a precision of 0.1 mg).

2.3. Experimental plan

Experimental conditions to minimize heat and mass
transfer effects and the occurrence of secondary reactions
during pyrolysis were initially determined. A particle size
between 0.18 mm and 0.25 mm, a bed height of 2 mm
(corresponding to a dried sample of approx. 1 g) and
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nitrogen flows of 0.3 I/min for MFC1 and 0.9 |/min for
MFC2 (at environmental conditions) were used. Pyrolysis
experiments using heating rates of 3 K/min, 5 K/min, 7
K/min, 10 K/min and 12 K/min until 960°C were carried
out (at the heating rate of 10 K/min, experiments until
570°C are made in order to obtain solid samples for
analysis). Reproducibility of experiments was determined
by repetitions at 3 K/min and 10 K/min. Differences lower
than 3.2% were obtained in the mass loss curves.

Detail of crucible

Ny K-type thermocouple

\
} Bed height: 2 mm
/

.
p) 11 mm 7/ Quartz glass support
o =

820 mm

Mass flow

Data

acquisition
:12‘ @Suction pump

controller
(MFC1)

845 mm|

Mass flow H:, CH:4

controller i 2

(MFC2) U Reactor €0, CO: E;
Intern: er 44 muw J

S S ¥
2
Tar condenser 0
(rc1) | I
@ Q Glass wool filter

Tar condenser
(TC2)

Nr. Name Reference Operational range
1 Analytical balance Ohaus Adventure 214 210 g (0.1 mg precision)
2 Electric furnace 4.4 kW, Tuw= 1300 °C
3 H:and CH, analyzer X-Stream X2GP-IR TCD 0-2 vol.-% Ha, 0-1 vol.-% CH,
4  CO and CO; analyzer ~ X-Stream ~IR 0.5-12 vol.-% CO, 0.5-5 vol.-% COa
5 O analyzer X-Stream X2GC-E02 0-25 vol.-% O.
6  Drum-type gas meter  Ritter TG3 6-360 1/h (0.02 1/h precision)

Data acquisition module Agilent 34970A

Figure 1 Experimental facility: Macro TGA equipped with evolved
gas analysis (EGA).

2.4. Data analysis and calculations

Mass signal of the balance was corrected due to the force
exerted on the crucible by the downward flow of nitrogen
through blank measurements. Mass flows of CO, CO,, CH,
and H, were determined assuming ideal gas behavior of
the gas mixture. The mass fraction of the liquid product
(water + organic liquid) and its elemental composition
were calculated by difference using the fractions of solid
and gas products obtained at the temperature at which
decomposition of organic matter is completed
(established from the experimental results). The water
content of the liquid product was determined using the
approximation proposed by (Neves et al.,, 2011). They
stated that the mass fractions of C, H and N of the
feedstock and those of the organic liquid (in ash-free and
dry basis) are correlated in processing under conditions
that avoid heat and mass transfer limitations. The values
are slightly dependent on pyrolysis final temperature and
for 570°C they ascend to 1.16 for wcss gai/ We,ordars 0.8 for
Wo,ss,daf/ Wo,01,dat, @nd 1.14 for wyssgat/Who,aar- The water
content was calculated as the amount that minimizes the

difference of these values and those obtained using the
experimental data.

Normalized mass loss of the sewage sludge (wssq) was
calculated using the corrected mass signal of the balance
(msq) and the initial mass of the sewage sludge in dry
basis (mss,q4). Mass yields (ym ) of pyrolysis products were
calculated from the mass of each product (m,, 4), according
to Eq. (2):

m,,

y= 2
Mes 04 ( )

Energy balances were determined at 25°C using the low
heating value of each material.

2.5. Kinetic model

A formal independent parallel reactions model was
implemented for the description of the pyrolysis kinetics
of sewage sludge. The reaction rate with N number of
pseudo-components can be expressed as in Eq. (3):

dWRM y _Eai n,
— M =—%yk, ex =W,
dt ;}lr 0,i p RT RM (3)

where wgy represents the normalized fraction of the
reacting mass of each component. The parameters (N, y;,
E.i, ko, and n) were determined by applying a
combination of isoconversional methods and a model-
parameter fitting method, as follows. First, experimental
values of wgy, were determined using Eq. (4),

m m -m
_ RM  __ S,daf char,f,daf
Woyy =~ = : (4)

Mo Msso,dat ~ Menar g dat

The experimental mass measured by the balance (ms) at
each point in time corresponds to the sum of the reacting
mass (mgy) and the mass of the produced solid or char
(Mcpar). In order to obtain the value of reacting mass, it
was assumed that the fraction of char corresponds in all
times to the relation Mg ¢/Msso. Mass values in ash-free
basis were calculated using the ash content measured at
960°C. An initial set of indicative values of activation
energies for the pyrolysis of the pseudo-components was
determined using the isoconversional methods of FWO
and KAS. Their corresponding linear expressions are
presented in Eq. (5) and Eq. (6), respectively (Flynn, 1997):

(InK)zConst—l.OSZ(:;_j (5)

RM

(InT—’i]:Const—(:frJ . (6)

Rm

The methods were evaluated for wgy, values ranging from
95 wt% to 5 wt% using steps of 5 wt%. The obtained
values for the activation energies were used afterward in
the model fitting-step as target values. An initial number
of pseudo-components was established from the number
of discernible peaks obtained in the experimental curves
of mass loss rate (dwgy/dt). Based on Eq. 3, a first set of
kinetic parameters E,; and ko; for each reaction was
determined from an Arrhenius diagram
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{In(dWLn/dtva.l/TJ by linear regression in the time
interval in which the analyzed reaction takes place. The
reaction order was initially set to n;= 1 for each reaction.
The fraction y; was calculated as the relationship between
the peak heights of the theoretical and the experimental
curves. The parameters of the last reaction were first
determined and then the calculated mass loss and mass
loss rates were subtracted from the experimental values.
The parameters of the additional reactions were
successively determined using the same procedure. In this
way, influences caused by parallel reactions occurring in
the same temperature interval are minimized. After
determining the first set of initial parameters values, a
minimization procedure was performed. The peak
position and area of the corresponding reaction were
varied simultaneously to obtain a minimum error between
the experimental and the calculated differential mass
curves by varying E,;, ko; and n. The quality of the
minimization was evaluated by the least squares method,
calculating the residual sum of squares (RSS) and the fit of
the experimental and calculated curves using Eqg. (7) and
(8), respectively (where z corresponds to the number of
data acquired during experimentation):

RSS = i((dww, /dt), —(dwy, /dt), )Z: (7)

Fit= E. (8)
z
The mass of products obtained during sewage sludge
pyrolysis was determined using Eq. (9) as the sum of the
contributions of the products of the decomposition of
each pseudo-component:

N

Yy =2 Yoaas 9)

i=1

Product evolution of each pseudo-component was
estimated using the global = stoichiometric model
presented in Eq. (10) and the condition of Eq. (11):

SS XS X Lo +x.,.CO

i,RM S,i~i,daf L,i~i,daf CO,i i,daf (10)
+ Xco, iC0% ot FXeu, , CHaiaar + X, iy gar

Y =Xt X X F X i T X

co,i €0, i CH, i + Xp, i

The stoichiometric coefficients Xs;, X, Xco s Xco, ir Xcu, i X,

were calculated by minimizing the difference between the
experimental evolution of each species and the simulated
mass flow rates. The coefficient x; for the liquid product
was calculated by difference.

3. Results and discussion

3.1. Thermal decomposition of sewage sludge

Figure 2(a) shows the mass loss and the mass loss rate (as
dwss ¢/dT) of the sewage sludge thermal decomposition
until 960°C for heating rates between 3 K/min and 12
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K/min. The evolved mass curves of gaseous products and
their mass production rate at 10 K/min are presented in
Figure 2(b) and (c). Thermal decomposition can be divided
in two zones: A low temperature zone (Zone ) from 120°C
until a temperature between 550°C and 590°C and a high
temperature zone (Zone Il), for temperatures between the
end of zone | until 960°C. Zone | can be mainly attributed
to decomposition of organic matter. Temperatures in the
range between 500°C and 550°C have been reported as
the final values for thermal degradation of lignocellulosic
biomass, lipids and proteins (Arenas et al., 2019; Cortés
and Bridgwater, 2015; Zhu, 2019). In zone ll, mainly the
decomposition of inorganic matter and secondary
decomposition reactions of primary char and tar take
place (Antal et al., 1998; Casajus et al., 2009; Karayildirim
et al., 2006; Thipkhunthod et al., 2007). The influence of
the heating rate variation on the process is small in the
range studied in this work, being more pronounced in the
low temperature zone. With increasing heating rate, a
reaction shift to higher temperatures in the whole
temperature range is observed. This behavior has been
attributed to a shorter exposure time to temperature,
causing that the decomposition partially occurs at higher
temperatures (Antal et al., 1998). An increasing difference
between the measured and the true sample temperatures
(thermal lag) have been also detected when the heating
rate increases. Consequently, the temperature at which
the transition between zone | and zone Il takes place
slightly increases with an increase in the heating rate. At 3
K/min, the measured transition takes place at 550°C,
while at 12 K/min, it occurs at 585°C. Other works on
pyrolysis of sewage sludge in TGA report values between
500°C and 677°C (Casajus et al., 2009; Garcia et al., 2009;
Urych and Smolinski, 2016; Zhu et al., 2019) for this
transition.

The following paragraphs present a description of the
course of the thermal decomposition based on the results
at 10 K/min. In zone |, the mass loss rate curve shows a
shoulder at temperatures lower than 240°C and two
distinguishable peaks at 340°C and 430°C. Thermal
degradation below 250°C is typically attributed to organic
compounds with low stability, non-biological substances,
dead bacteria and simple lipids and aminoacids, among
others (Calvo et al., 2004; Font et al., 2005; Thipkhunthod
et al., 2007, Urban and Antal, 1982; Urych and Smolinski
2016). Thermal decomposition of these compounds is
included in the first decomposition reaction of organic
matter in the kinetic studies shown in Table 1.
Hemicellulose, whose decomposition starts at
temperatures as low as 200°C (Yang et al., 2007; Zhu et
al., 2019), is included either in the first reaction or as a
single compound in reaction R2 (Calvo et al., 2004; Garcia
et al., 2009). Font et al., 2005 attributed the first reaction
to hemicellulose and the second reaction to dead
bacteria. The second global reaction of decomposition
occurs approximately between 220°C and 400°C, as shown
in Figure 2(a). In addition to hemicellulose, at these
temperatures, cellulose, lignin and proteins
decomposition takes place (Yang et al., 2007; Varhegy et
al., 2007; Thipkhunthod et al., 2007). Above 400°C,
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decomposition is caused mainly by lignin (Yang et al.,
2007) and lipids (Thipkhunthod et al., 2007, Zhu et al.,
2019). Xu et al., 2018 attributed reaction R3 to aromatic
compounds and polyphenols. Mass loss in zone | can also
be affected by decomposition of other organic
compounds present in smaller quantities, such as starch,
humic acids, nucleic acids, coagulants, plastics and
fractions of waste tires (Thipkhunthod et al., 2007; Wang
et al, 2019), and to decomposition of inorganic
compounds with low decomposition temperatures.

Regarding gas evolution, the predominant gas species is
CO,, followed by CO (Figure 2(b)). CH, and H, account for
a small fraction of the total gas production (Figure 2(c)).
The mass production rates of CO, and CO show a peak,
each with maximum rates at 405°C and 420°C,
respectively. The formation of these peaks can be
attributed mainly to protein and lignin decomposition, as
CO, and CO production from hemicellulose and cellulose
occurs at lower temperatures, and production of lipids at
higher ones. Moreover, lime (Ca0), which is added during
sewage treatment and is present in a considerable
amount in the ash of the analyzed sample (see Table 2),
can absorb CO, evolved in this zone (Chanaka et al.,
2019b). CH, formation is mainly associated with primary
pyrolysis reactions of lignin and with decomposition of
proteins (due to dead bacteria) at temperatures below
500°C (Gao et al., 2014; Yang et al., 2007). H, evolution
shows the typical course observed during pyrolysis of
lignocellulosic biomass.

In zone Il, from 570°C onward, a continuous increment in
the mass loss rate is detected (Figure 2 (a)). This
increment takes place simultaneously with an increase in
the gas evolution caused mainly by CO and CO,, as
presented in Figure 2 (b) and (c). Decomposition of
inorganic matter in zone Il is included in the models of
(Garcia et al., 2009; Urych and Smolinski 2016) (Table 1),
but no reference to the involved compounds is made. As
shown in Table 2, iron and silicon are found in larger
amounts in the sample, followed by calcium, aluminum
and phosphorus. CO, evolution between 600°C and 800°C
can be associated with decomposition of calcium
carbonate CaCOjz to CaO (Karayildirim et al., 2006). Part of
this CO, could have been originated and adsorbed by CaO
in zone |. The release of CO between 570°C and 960°C,
observed in Figure 2(b), can be attributed to three
pathways: First, the reaction of Fe;0, with C to Fe and CO
(Furimsky and Sears, 1988). Second, char gasification
inside the char particles according to the Boudouard
reaction favoring the formation of CO at the expense of
CO,. Third, thermal cracking of hydrocarbons filling the
porous structure of the solid phase. This reaction causes
at the same time the decrease of CH, and the steep
increase in H, observed at temperatures higher than
650°C (Chanaka et al., 2019a; Morf, 2002). Pathways 2
and 3 are catalyzed in the presence of CaO (Chanaka et
al., 2019a). Additionally, dehydrogenation reactions that
occur at temperatures above 450°C Porada, 1959 can also
contribute to H, formation. Silicon and aluminum are
present as oxides or as silicates and aluminosilicates of

metals (for the analyzed sample, mainly of Ca and Fe and
in a minor proportion of Mg and K). These compounds
undergo solid state transformations at high temperatures
without the release of gaseous species or are stable in the
temperature range studied (i.e. SiO, and Al,O;) (Roedder,
1959). A small influence on CO, formation may arise from
the reaction of silicon oxide with potassium carbonate to
form potassium silicates (Roedder, 1959). Although the
influence of silicates and aluminosilicates in the pyrolysis
process has not been deeply studied, they play an
important role in heavy metal immobilization in the solid
product by the formation of thermally stable, acid
insoluble compounds (Chanaka et al., 2019a, 2019b).
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Figure 2 Mass loss and mass loss rate at different heating rates
(a), mass production rate and mass production of CO and CO,
(b), and mass production rate and mass production of H, and
CH, (c) during sewage sludge pyrolysis at 10 K/min until a final

temperature of 960°C.



3.2. Mass and energy balances

Figure 3 shows Sankey diagrams for the mass and energy
balances for the pyrolysis of sewage sludge at 10 K/min
until 570°C and between 570°C and 960°C. Errors in mass
and energy balances are presented as differences in these
diagrams. Detailed results of mass and elements balances
are included in Tables 4 and 5 in the Appendix A. Mass
loss of sewage sludge in dry basis during pyrolysis until
960°C amounts to 43.1 wt%. A fraction of 71.4 wt% of this
decomposition (30.8 wt% of the dry sewage sludge mass)
takes place in zone | and the rest occurs in zone Il. The
obtained solid fraction is in the range of the highest values
found in the literature, while the gaseous fraction is
around the lowest (Alvarez et al., 2015; Trinh et al., 2013).
The liquid fraction is between the average of the reported
values (Alvarez et al., 2015; Sanchez et al., 2009). Its
calculated water content according to section 2.4
amounts to 18.2 wt%. Reported values of water content
for this fraction vary between 10 wt% and 65 wt% (in dry
basis) (Rincon et al., 2019; Sanchez et al., 2009; Trinh et
al., 2013; Urych and Smolinski, 2016). The extent to which
thermal decomposition of inorganic matter in zone Il
takes place is approximately determined as follows: Solid,
losses 17.8 wt% of its mass in this zone. Under the
supposition that the same amount of mineral matter
decomposes at combustion and at pyrolysis conditions,
the difference between the ash content measured at
550°C and that at 960°C (see Table 2) equals the
volatilized mineral matter in this zone. Its value amounts
to 9 wt% of the initial sewage sludge mass or 13 wt% of
Solid, and corresponds to 73 wt% (13 wt%/17.8 wt%) of
the mass loss of Solid,. The remaining 27 wt% of this mass
loss is then caused by secondary reactions of the residual
organic matter. Ash contents of 68.2 wt% and of 82.9 wt%
are calculated for Solid; and Solid,, respectively. Total
mineral matter of Solid;, determined as the sum of
volatile mineral matter and ash, amounts to 81.2 wt%. In
terms of the element balances, the mass of carbon after
pyrolysis up to 570°C is approximately evenly distributed
in the solid and liquid products. 73 wt% of the mass of
hydrogen and 70 wt% of the mass of oxygen originally
present in the dried sewage sludge are in the liquid
product after pyrolysis. After subsequent heating to
960°C, 25 wt% of the mass of carbon present in the
sewage sludge remains in the solid product, while
hydrogen and oxygen pass almost completely into the
gaseous phase.

The LHV in dry basis of each material presented in Figure
3(b) are 7.77 MJ/kg for Solid,, 5.19 MJ/kg for Solid,, 12.16
MJ/kg for Gas,, 24.29 MJ/kg for Gas, and 33.42 MJ/kg for
organic liquid. From the energy balance, a value of 2.18
MJ/kg of dry sewage sludge, or 19.4% of its LHV, is
calculated for the energy required for the pyrolysis until
570°C. The liquid product (organic liquid plus pyrolysis
water) has the highest energy fraction followed by the
solid product. The former amounts to 58.5% and the latter
to 40.0% of the energy entering the process. The energy
fraction of the gas product at 570°C is negligible. The
energy content of the evolved gases in the high
temperature zone equals 13.4% of the energy contained
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in the dry sewage sludge. The difference in the energy
balance originates from the error in the mass balance. As
decomposition reactions of inorganic compounds of Ca
and Fe as well as secondary cracking and gasification
reactions are mostly endothermic, an overall endothermic

reaction of the process is expected in the high
temperature zone.
Low temperatire zone High temperature zone
(until 570 °C) (570 °C < T < 960 °C)
Sewage Solid,: 69.2 Solid,: 56.9
Sludge
(dry)
100 Cas,: 1.6 Gas;: 7.4
Organic liquid: 23.9 Difference: 4.9
Pyrolysis water: 5.3
(a) Mass balance my/myg (%)
Solid,: 2.95
Sewage Solid,: 5.37
Sludge Gasy: 1.80
r Gas,: 0.20 5
(dry) P Difference: 0.62 =
11.24

Organie liquid |
Pyrolysis water *

=
o0
ot

EPyrul_vsis: 2.18
(b) Energy balance E/mgq, (M.J/kg)
Figure 3 Mass and energy balances for the pyrolysis of sewage
sludge at 10 K/min until 570°C and 960°C.
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The low influence of heating rate on product vyield,
observed in Table 4, is attributed to the high content of
mineral matter of the sewage sludge used in this work
which exerts a pronounced catalytic effect on the
pyrolysis reactions.

3.3. Implementation of the kinetic model

Figure 4(a) shows the variation of E, with wgy, obtained
from the application of the isoconversional methods of
FWO and KAS, according to Eq. (5) and Eg. (6).
Experimental values of wgy and dwgy/dT for 10 K/min are
shown in Figure 4(b). Arrhenius plots and the values of E,,
along with the correlation coefficient of each linear fitting,
are included in Figure 6 and Table 6 of the Appendix A.
Maximal variations in E,, between both methods are
around 5% in zone | and 14% in zone I, therefore, any of
them can be used to obtain the first estimated values of
the activation energy for the pyrolysis process at different
conversion levels. The variations in E, with wgy in the
range between 95 wt% and 70 wt% (up to about 350°C)
and from 25 wt% until the end of the process (above
600°C) indicate that the overall decomposition is the
result of the decomposition of several individual
components. On the other hand, narrow variations
around a value of E, = 150 kJ/mol for wgy between 70
wt% and 35 wt% (between 350°C to 500°C) indicate that
the process is dominated in this range by a single
compound or that it takes place over several compounds
with similar E,. In the transition region between zone | and
zone I, the strong decrease in the values of E, is caused by
the completion of the decomposition reactions of the
organic matter.

A set of four reactions in zone | and two reactions in zone
Il appropriately fit the sewage sludge  thermal
decomposition of the samples used in this study. Table 3
presents the calculated kinetic parameters and the
stoichiometric coefficients for the estimation of the
simulated curves of mass loss, mass loss rate and product
evolution. Figure 4(c) to Figure 4(f) show the comparison

of simulated results of dwss/dT with experimental data
for different heating rates. The calculated curves
adequately reproduce the experimental mass loss for the
heating rates used. The maximal deviation calculated
according to Eq. (8) equals 9.0%, mainly due to differences
in the peak heights of zone I, which are accentuated by
increasing heating rates. According to the analysis
presented in section 3, reactions R1 and R2 relate to the
degradation of extractives and a fraction of hemicellulose.
Reactions R3 and R4 are responsible for the
decomposition of cellulose, lignin, proteins, lipids and
some plastics. Reactions R5 and R6 represent the
decomposition of volatile inorganic matter and secondary
decomposition of residual organic matter. From the
studies presented in Table 1 Font et al., 2005 reported a
similar variation of E, with conversion to that found in the
present study.
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Figure 5 Mass loss and product evolution during the pyrolysis of
sewage sludge at 10 K/min (a and b), and simulated curves of
mass loss and mass loss rates (as dwss 4/dT) (c and d) during

sewage sludge pyrolysis at 10 K/min, 100 K/min and 200 K/min.

Table 3: Kinetic parameters determined in this study for the independent parallel reactions model of the sewage sludge pyrolysis, and
stoichiometric coefficients of products (char (S), liquid (L), CO, CO,, CH, and H,) for each independent parallel reactions according to

Eq. (10)
Reactions R1 R2 R3 R4 R5 R6
Kinetic parameters for the independent parallel reactions
E,i/kJ/mol 90.36 128.00 150.57 147.82 151.46 250.51
Inkyi/1/s 17.20 22.42 24.07 18.80 12.23 21.50
y/1 0.10 0.13 0.29 0.22 0.12 0.14
ni/1 2.00 1.80 2.40 2.20 1.50 2.00
Stoichiometric coefficients of products
Xsi 0.033 0.042 0.095 0.062 0.044 0.047
XLi 0.067 0.087 0.192 0.138 0.000 0.000
Xco,i 0.000 0.001 0.001 0.007 0.011 0.041
Xcoa,i 0.000 0.000 0.003 0.011 0.007 0.002
XCHa,j 0.000 0.000 0.000 0.003 0.000 0.000
X2 i 0.000 0.000 0.000 0.000 0.008 0.000

As presented in Figure 5 (a and b), simulated and
experimental curves of mass loss and evolution of
products show good agreement. The change in ash

content above 570°C is included in the mass loss curve.
Figure 5 (c and d) show the simulated mass loss and mass
loss rate curves (as dwssy/dT) for the pyrolysis of the
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sewage sludge sample analyzed in this study, using higher
heating rates of 100 K/min and 200 K/min (and those for
10 K/min for comparison purposes). Since no considerable
changes in solid yield with the heating rate are expected,
the value obtained at 960°C is used for the solid yield
needed for the implementation of the model. Even with
higher heating rates than those used to determine the set
of kinetic parameters, an adequate reproduction of the
mass loss curves and their peaks during pyrolysis is
obtained. In their experiments in TGA at 100 K/min, Urych
and Smolinski, 2016 measured a transition temperature
between zone | and zone Il of 700°C, corresponding to an
increment in 75°C with respect to the value obtained at 10
K/min. This test indicates the suitability of the kinetic
parameters determined for use at higher heating rates,
but their validation requires additional experimental
work.

4. Conclusions

The pyrolysis of sewage sludge allows the generation of
valuable products that can be used as energy source or as
raw material for further applications. In the temperature
range from 550°C to 600°C, the thermal degradation of
most of the organic material is completed. From this
temperature and up to high pyrolysis temperatures of
960°C, further reactions of the solid residue occur. These
reactions correspond to volatilization of Fe- and Ca-
compounds and to secondary reactions of remaining
organic matter. The product yields are strongly influenced
by the final temperature, while the influence of the
heating rate is negligible. The yield of the solid residue
depends especially on the content of inorganic material.
Gas production until 570°C amount to just 1.6 wt% of the
initial dry sewage sludge sample, while liquid production
amount to 29.2 wt% and char to 69.2 wt%. An increment
in the final temperature to 960°C leads to an increase in
the gas production to 7.4 wt% and a reduction in the solid
yield to 56.9 wt%.

A reaction enthalpy of 19.4% of the lower calorific value
of the dry sewage sludge is determined for pyrolysis up to
570°C. Until this temperature the energy entering the
process is distributed into fractions of 58.5%, 40.0% and
1.5% for liquid, solid and gaseous products, respectively.
Further increase of the pyrolysis temperature up to 960°C
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causes a decrease in the energy fraction of the solid
residue to 22.0%. The energy fraction of the gaseous
product generated in this temperature region amounts to
13.4% of the energy entering the process.

The use of fitting and isoconversional methods coupled in
a formal semi-global reaction scheme for pyrolysis allows
establishing a set of reaction kinetic parameters suitable
for the simulation of the process, which presents an
appropriate stability even for heating rates up to 200
K/min. These results are an important tool for the
development and scale-up of the pyrolysis process of
sewage sludge in reactors operating at heating rates of
this order of magnitude.

Appendix A

(a) Thermal decomposition of organic matter (zone 1)
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Figure 6: Arrhenius plots for the determination of E, using the
FWO and KAS isoconversional methods.

Table 4: Mass balances for the pyrolysis of sewage sludge at different heating rates until the transition temperature between zone |
and zone Il and until 960°C. The mass of the liquid product at 960°C is the same as that at the transition temperature since it is
assumed that no further changes at high temperatures take place in this phase. All values are in dry basis (S, solid; L, liquid)

Product yields/1
Temperature
Ysd Yid Ycod Ycoz2,d Ychad Yh2,d Total

560°C 0.6878 0.2984 0.0056 0.0057 0.0010 0.0015 1.0000

TG1 (3 K/min) 960°C 0.5685 0.2984 0.0637 0.0092 0.0010 0.0094 0.9530
DY, 060560 -0.1194 0.0000 0.0582 0.0034 0.0000 0.0079  -0.0498

565°C 0.6822 0.2941 0.0076 0.0117 0.0027 0.0016 1.0000

TG2 (7 K/min) 960°C 0.5610 0.2941 0.0692 0.0152 0.0030 0.0085 0.9511
DY, o60.565°C -0.1212 0.0000 0.0616 0.0035 0.0003 0.0068  -0.0489

570°C 0.6919 0.2917 0.0041 0.0100 0.0016 0.0007 1.0000

TG3 (10 K/min) 960°C 0.5687 0.2917 0.0588 0.0183 0.0026 0.0106 0.9507
DY, o60.570°C -0.1232 0.0000 0.0547 0.0083 0.0010 0.0099  -0.0493
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585°C 0.6865 0.2939 0.0051 0.0117 0.0022 0.0006  1.0000

TG4 (12 K/min) 960°C 0.5706 0.2939 0.0522 0.0179 0.0027 0.0099  0.9472
DY, 060585 -0.1159 0.0000 0.0471 0.0062 0.0005 0.0093  -0.0528

Table 5: Element balances for the pyrolysis of sewage sludge at 10 K/min until 570°C and 960°C. Elemental analysis of the liquid
product at 960°C is the same as that at 570°C since its formation is completed at 570°C

Final temperature 570°C

Sewage sludge Products
Solid Liquid co co, CH, H, Total
Element composition based on the dry mass of each product mejement/m,
C 0.2947 0.2069 0.5000 0.4288 0.2729 0.7487 -
H 0.0391 0.0134 0.0987 - - 0.2513 1.000
() 0.1262 0.0420 0.3001 0.5712 0.7271 - -
N 0.0343 0.0213 0.0670 - - - -
S 0.0338 0.0344 0.0343 - - - -
Element composition based on the dry mass of sewage sludge Mg cment/Mss.a
Ve 0.1432 0.1459 0.0018 0.0027 0.0012 - 0.2947
VH 0.0093 0.0288 - - 0.0004 0.0007 0.0391
Yo 0.0290 0.0875 0.0024 0.0073 - - 0.1262
Y 0.0147 0.0196 - - - - 0.0343
Vs 0.0238 0.0100 - - - - 0.0338
Final temperature 960°C
Sewage sludge Products
Solid Liquid Cco CO, CH, H, Total
Element composition based on the dry mass of each product mejement/ M,
C 0.2947 0.1296 0.5000 0.4288 0.2729 0.7487 -
H 0.0391 0.0028 0.0987 - - 0.2513 1.000
O 0.1262 0.0115 0.3001 0.5712 0.7271 - -
N 0.0343 0.0042 0.0670 - - - -
S 0.0338 0.0221 0.0343 - - - -
Element composition based on the dry mass of sewage sludge Mejement/Mss,q
Ve 0.0737 0.1459 0.0252 0.0050 0.0019 - 0.2517
Yu 0.0016 0.0288 - - 0.0007 0.0106 0.0416
Yo 0.0065 0.0875 0.0336 0.0133 - - 0.1410
Yn 0.0024 0.0196 - - - - 0.0220
Vs 0.0126 0.0100 - - - - 0.0226
Table 6: Calculated activation energies and correlation coefficient of the linear fitting as a function of wgy,
FWO method KAS method
Wgm E./k)/mol v E./kJ/mol i
Thermal decomposition of organic matter (zone I)
0.95 77.9 0.95 73.9 0.94
0.90 80.0 0.98 81.5 0.90
0.85 122.11 0.94 119.4 0.94
0.80 133.0 0.97 130.4 0.96
0.75 148.7 0.97 146.7 0.97
0.70 151.6 0.97 149.5 0.98
0.65 136.1 0.99 133.0 0.99
0.60 151.6 0.99 148.6 0.99
0.55 145.4 0.99 142.3 0.99
0.50 144.6 0.99 141.0 0.99
0.45 143.8 0.99 139.8 0.99
0.40 144.5 0.99 140.0 0.99
0.35 153.6 0.99 149.3 0.99
0.30 91.6 0.91 83.3 0.89
0.28 71.7 0.85 61.6 0.79
Thermal decomposition of inorganic matter (zone 1)
0.25 91.9 0.75 81.7 0.68
0.23 131.0 0.82 122.1 0.78
0.20 166.3 0.95 158.8 0.94
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0.18 194.7 0.96 188.1 0.95
0.15 183.2 0.93 175.6 0.91
0.13 218.9 0.93 212.7 0.92
0.10 278.2 0.96 274.7 0.95
0.05 291.7 0.93 288.1 0.92

Nomenclature

Symbol
A Ash content, wt%
ko Pre-exponential factor, 1/s
E Energy, MJ
E, Activation energy, kJ/mol
M Moisture, wt%
m Mass, g
n Reaction order
T Temperature,°C
t Time, s
v Volatile matter, wt%
w Mass fraction, wt%
X Stoichiometric coefficient, wt%
Ym Mass yield
K Heating rate, K/min
Subscript
ad As determined
ar As received
cal Calculated
d Dry basis
daf Dry and ash free basis
exp Experimental
f Final
G Gas
i Pseudo-component
inorg Inorganic
L Liquid
Ol Organic liquid
Org Organic
o] Product
RM Reacting mass
S Solid
SS Sewage sludge
t Theoretical
0 Initial
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