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the influence of composite alumina (CA) on the pyrolysis progress. Sewage sludge was
pyrolyzed in a fixed bed reactor from 400 to 600°C using CA as catalyst. The effects of

Keywords:

temperature and CA additive ratio on the products were investigated. The product yields

Pyrolysis

and component distribution of non-condensable gas were more sensitive to the change of

Sewage sludge

temperature, and the maximum liquid yield of 48.44 wt.% and maximum Useable Energy of

Alumina

Liquid of 3871 kJ/kg sludge were observed at 500°C with 1/5 CA/SS (mass ratio). The gas

Biomass ash

chromatography–mass spectrometry results showed that the increase of temperature

GC–MS

enhanced devolatilization of organic matter and promoted cyclization and aromatization of
aliphatics. The presence of CA could strengthen secondary cracking and interaction among
primary products from different organic compounds, such as acid–amine condensation,
and reduce the content of oxygenated compounds. When the CA additive amount exceeded
a certain proportion, the aromatization was clearly strengthened. The effects of CA on
decomposition of fatty acids and formation of aromatics were similar to that of
temperature. This means that the reaction temperature could be lowered by introducing
CA, which has a positive effect on reducing energy consumption.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
With rapid urbanization, the disposal of sewage sludge
generated from wastewater treatment has become a challenge due to its expanding quantity. Pyrolysis is considered to
be a promising sludge disposal technology for its advantages
of volume reduction, accumulation of heavy metals and
stabilization of waste. Furthermore, byproducts obtained
from pyrolysis such as char, gas or oil give this technology

the potential for commercial application (Caballero et al.,
1997; Bridle and Pritchard, 2004; Smith et al., 2009a, 2009b).
Many groups have carried out research on the pyrolysis of
sewage sludge in a variety of reactors by changing operating
parameters e.g., temperature, particle size, gas residence time,
and catalyst (Inguanzo et al., 2002; Kim and Parker, 2008;
Piskorz et al., 1986; Park et al., 2008). γ-Al2O3, clay, zeolites,
Fe2O3,K2CO3 and CaO have been investigated as catalysts for
sewage sludge pyrolysis (Konar et al., 1994; Ischia et al., 2011;

⁎ Corresponding author. E-mail: bsjin@seu.edu.cn (Baosheng Jin).
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Beckers et al., 1999; Park et al., 2010a, 2010b; Shie et al., 2003a,
2003b) and the results suggested that a major fraction of the
liquid product could serve as a diesel fuel substitute (Konar et
al., 1994; Bahadur et al., 1995). Toluene-extracted lipids from
sewage sludge were pyrolyzed over activated alumina and it
was found that the liquid products were hydrocarbon
mixtures (Konar et al., 1994). The presence of sodium and
potassium compounds could enhance the reaction rates and
improve the quality of pyrolysis liquid products, which would
be beneficial for industrial applications (Shie et al., 2003a,
2003b).
An interactive dual-circulating fluidized bed (CFB) system
has been proposed in which the pyrolysis of sewage sludge
and incineration of biomass, such as straw, would proceed at
the same time (Jin et al., 2011). Fig. 1 shows a schematic of the
dual-bed reactor in this system. Alumina is used as the
fluidized-bed material and heat carrier, which moves between
the two CFBs and simultaneously transfers heat from the
incinerator to the pyrolysis reactor for thermal decomposition. During the incineration process, alumina would be
loaded with biomass ash and form a composite material,
which may impact the pyrolysis of sewage sludge. It is
important to know the influence of composite alumina (CA)
on the pyrolysis process.
In this study, the pyrolysis of sewage sludge using CA as
catalyst was studied in a fixed bed reactor to determine the
effect of temperature and the CA additive ratio on product
yields and components of liquid products.

1. Experimental
1.1. Materials
The sewage sludge (SS) was obtained from a wastewater
treatment plant in Jurong, China. Before the pyrolysis, the
sludge was pre-dried at 105°C to constant weight and

screened to obtain particles with a diameter from 0.25 mm
to 0.6 mm. The proximate and ultimate analyses of the
dried sewage sludge are as follows: ash content 58.28 wt.%,
volatile matter content 39.85 wt.%, fixed carbon 1.87 wt.%,
C 16.23 wt.%, H 2.57 wt.%, N 3.44 wt.% and O 19.48 wt.% The
higher heating value is 9831 kJ/kg.
Composite alumina (CA) was a complex material formed by
alumina particles (with diameters between 0.3–0.5 mm) in a
biomass-fed fluidized bed at around 850°C. The X ray fluorescence (XRF) results of alumina and composite alumina are given
in Table 1. The proportion of metals such as K, Ca, Na and Mg in
the composite alumina increased rapidly compared with
alumina, which indicated that the alumina has a good effect
on coating biomass ash. The sample was made by mixing
sewage sludge and composite alumina in predetermined ratios.
The particle sizes of these two materials were similar so it was
easy to get a well-mixed sample.

1.2. Fixed bed reactor
The fixed bed pyrolysis system is shown in Fig. 2. The reactor is
made up of a stainless steel tube with a diameter of 50 mm and a
length of 1000 mm, which is heated by an external electrical
furnace. A stainless steel boat loading 35 g mixed sample was
first placed in the non-heating zone of the tube. Then N2
(99.999% purity) was introduced into the reactor with a flow rate
of 500 mL/min. When the temperature reached the set point, the
boat with sample was pushed into the heated area of the tube to
allow the pyrolysis to progress for 50 min. The pyrolysis gas
passed through a condenser, a filter and a drier successively,
from which liquid and non-condensable gas (NCG) were
separated and collected respectively. The primary gas compounds such as CO2, CO, H2 and CH4 were tested online. When
the experiment finished, the char and the liquid product were
collected and weighed. The non-catalytic pyrolysis was studied
over a wide temperature from 300 to 900°C in a previous work,
and the results showed that a medium temperature is favorable
to the generation of liquid product (Sun et al., 2013a, 2013b). Thus
the sewage sludge pyrolysis temperature was selected in the
range 400 to 600°C in this study.

1.3. Analysis
The ultimate analysis was carried out in a Vario EL-III
elementar (ELEMENTAR Analysen-systeme GmbH, Hanau,

Pyrolysis
reactor

Incinerator

Inertia
particles

Sewage sludge

Biomass
Inert gas

Table 1 – X-ray fluorescence (XRF) of alumina and
composite alumina (wt.%).

Alumina
Composite
alumina

Air
Fig. 1 – Schematic of the dual-circulating fluidized bed (CFB)
reactor.

Alumina
Composite
alumina

Al2O3

SiO2

TiO2

Fe2O3

CaO

K2O

P2O5

79.24
57.14

13.964
21.43

3.371
2.304

2.398
2.845

0.361
4.565

0.271
1.571

0.191
2.39

Cr2O3

V2O5

SO3

MgO

MnO

Na2O

Cl

0.067
0.0605

0.061
0.095

0.047
0.621

0.019
4

0.01
0.103

–
2.7

–
0.124
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Filter
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Nitrogen
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Gas analyzer
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Fig. 2 – Diagram of the fixed bed pyrolysis system.

Germany). The calorific value was detected in a SDACM3000
calorimeter (Sundy, Changsha, China). Gas compounds were
tracked with a Vario Plus analyzer (MRU, Heilbronn, Germany).
Water content was measured with a 870 Titrino Plus Carle Fischer
moisture titrator (METROHM CHINA LIMITED, Hongkong, China).
An Agilent 7890–5975 GC–MS (gas chromatography–mass spectrometry) system (Agilent Technologies Inc., California, USA)
was used to perform semi-quantitative analysis on the distribution of pyrolysis liquid compounds. The equipment was
operated under the following conditions: HP-5 capillary column;
helium (99.999%) as the carrier gas; split injection with a split
rate of 30:1; 70 eV electron impact with a scan range of
50–500 amu; column oven temperature program set as 5°C/
min heating rate from 40 to 180°C, then 20°C/min to the
terminal temperature of 280°C; EI ion source at 200°C, and
transfer line at 280°C. The NIST08 mass spectral data library was
used for identifying chromatographic peaks.

2. Results and discussion
When calculating the product yields, most researchers tend to
weigh the solid and liquid products. However, considering
that it is difficult to collect the whole liquid product because of
its high viscosity, the result has difficulty reflecting the true
distribution. In this study, the liquid yield could be obtained
by difference, whereas the gross mass of gases was calculated
by integrating the concentration curves of each gas component based on the online measurement of NCG.

2.1. Product yields
The operating conditions of catalytic pyrolysis, the product
yields and some characteristics of the liquid product are listed in
Table 2. As can be seen, temperature had a great influence on

Table 2 – Yields (Y) of pyrolysis products and characteristics of liquid product.
Temperature
(°C)

400
450
500
550
600
500
500
500
500

CA/SS

1/5
1/5
1/5
1/5
1/5
1/1
1/2.5
1/7.5
0/1

YChar a
(wt.%)

45.64
40.57
34.26
32.70
27.70
33.96
33.62
34.12
35.14

YNCG a
(wt.%)

11.84
14.98
17.31
18.87
24.02
20.84
18.92
18.39
17.56

YLiquid a
(wt.%)

42.52
44.45
48.44
48.43
48.29
45.21
47.46
47.50
47.30

ROP/Liquid
(%)

23.00
25.60
28.50
25.20
23.40
26.90
29.00
29.40
20.00

HHVOP
(kJ/kg)

28598
33430
27043
24155
25704
26108
29883
32237
33055

Water content
(wt.%)
OP

AP

13.41
13.41
11.48
9.583
7.67
11.5
9.583
11.5
9.583

82.64
80.73
78.66
78.82
78.82
78.82
78.73
80.73
76.52

CA/SS: composite alumina/sewage sludge; NCG: non-condensable gas; OP: organic phase; AP: aqueous phase; HHV: higher heating value.
a
Dry ash free basis.
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first, accompanied by water. CO2 and CO were generated
mainly from the decarboxylation of carboxylic acids and the
decarbonylation of aldehydes or ketones. CH4 and H2 were
generated from the cracking and reforming processes of
hydrocarbons. In addition, the decomposition of protein also
produced H2 and CO. At a higher temperature with the
catalytic effect of CA, the secondary cracking of the primary
liquid product, such as cyclization or aromatization, was
promoted and produced more H2 and CH4.

product distribution. With the rise of temperature, the yield of
char decreased from 45.64 wt.% at 400°C to 27.7 wt.% at 600°C
whereas that of NCG rose from 11.84 wt.% at 400°C to 24.02 wt.%
at 600°C. The maximum liquid yield was 48.44 wt.% at 500°C, and
above this temperature the liquid yield remained stable. It can be
concluded that with the rise of temperature from 400 to 600°C,
more volatile components were released from the sewage
sludge, which resulted in a decrease in char yield. The increase
of NCG was due to the secondary decomposition of pyrolysis
vapor at a higher temperature (Sun et al., 2013a, 2013b). The
liquid yield was influenced by de-volatilization of sludge and the
secondary cracking reactions at the same time.
As the ratio of CA added increased, the liquid product yield
declined and the gas yield grew in general, although the
change was slight as shown in Table 2. However, the ratio of
organic phase (OP) to liquid product in the presence of CA was
more than 26.90%, clearly higher than the case without CA,
which indicated that the CA may have had a catalytic
reforming effect on the liquid product. An experiment on
sewage sludge pyrolysis catalyzed by γ-Al2O3 showed that
with increased amounts of γ-Al2O3 (0, 97.3, 194.6 g) the liquid
yield decreased slightly but the organic phase yield had a clear
increase at 450°C (Azuara et al., 2013), which was similar to
the trend in this study. In another view, the stabilization of
product yield is also favorable for engineering applications.
Taking the dual-CFB system shown in Fig. 1 for instance, the
CA/SS transferred to the pyrolysis reactor depends on the
solid circulation rate, which varies with the change of
capacity. Since the product yields were relatively constant, it
would be beneficial to design and operate related equipment,
e.g., cyclones or oil condensers.

2.3. Useable Energy of Liquid
The hierarchical phenomenon of pyrolysis liquid, which has
been reported by other researchers (Kaminsky and Kummer,
1989; Pokorna et al., 2009a, 2009b), was also observed. Two
phases – the upper layer consisting of OP and the lower layer of
aqueous phase (AP) – were separated and analyzed individually.
It can be seen from Table 2 that the water content of AP was
much higher than that of OP, which gives the two layers different
properties. Actually, a potential application direction for sewage
sludge pyrolysis is to acquire energy from liquid product in order
to substitute for diesel fuel, so the calorific value of liquid
product is a very important parameter. However, due to its high
water content, the heating value in the aqueous phase is too low
(less than 5000 kJ/kg) to exploit. In order to show the amount of
available energy extracted from sewage sludge pyrolysis liquid
product, the parameter Useable Energy of Liquid (UEL) was
introduced and defined as the heating value in the organic phase
produced from 1 kg sewage sludge on dry ash free basis.
Fig. 4 shows the UEL of pyrolysis liquid product under
different operating conditions. The maximum value of this
parameter was 3871 kJ/kg sludge and was obtained at 500°C with
the increase of temperature. Although the variation of product
yield and the gas compound distribution with increasing
additive ratio of CA was slight, a difference was observed in
terms of UEL in Fig. 4b. In general the UEL of catalytic pyrolysis
(around 4000 kJ/kg sludge, except the situation of 1/1 CA/SS) is
higher than that of non-catalytic pyrolysis (3127 kJ/kg sludge). It
can be seen from Fig. 4b combined with Table 2 that with
increasing CA ratio, the UEL and the OP/AP ratio changed more
noticeably than the product yield, which indicated that CA
promoted reforming of liquid components.

2.2. Gases
Fig. 3 shows the concentration of the main components of
NCG except N2. With temperature increased from 400 to
600°C, the relative volume fraction of CO2 decreased from
83.63% to 48.81%. In the meantime, the ratio of H2 increased
significantly from 4.41% to 28.69%. The concentration of CO
and CH4 grew slightly. However, considering the increasing
amount of NCG, the amount of CO and CH4 was much larger at
higher temperature. With different CA/SS mass ratios the
concentration of the four compounds remained constant, as
can be seen from Fig. 3b. The main organic matters in sewage
sludge were protein, fat and carbohydrates. In the progress of
pyrolysis these compounds decomposed into fatty acids,
amino acids, aldehydes, ketones, alcohols and hydrocarbons

a

The components in the organic phase of the liquid product
were detected and semi-quantified. Compounds with area

CA/SS = 1/5

400

450

500

Temperatur (°C)

550

H2

CO

600

Relative volume
fraction (%)

Relative volume
fraction (%)

CO2
90
80
70
60
50
40
30
20
10
0

2.4. GC–MS analysis of OP

80
70
60
50
40
30
20
10

CH4

b

Temperature = 500°C

0/1

1/7.5

1/5

1/2.5

1/1

CA/SS

Fig. 3 – Components of non-condensable gas (NCG) distribution versus temperature (a) and additive ratio of composite alumina
(CA) (b).
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b

Temperature = 500°C

4000
3000
2000
1000

500
0

400
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500
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0
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0/1

1/7.5

1/5
CA/SS
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Fig. 4 – Useable Energy of Liquid (UEL) of catalytic pyrolysis on dry ash free basis at various temperatures (a) and additive ratios
of composite alumina (CA) (b).

more than 1% are listed in Appendix A Table S1. These
components were classified into the following 6 categories
according their functional groups: (1) aliphatic hydrocarbons;
(2) monoaromatics; (3) nitrogenated compounds; (4) oxygenated compounds; (5) polycyclic aromatic compounds (PACs)
and (6) steroids. Among these components, aliphatic hydrocarbons, nitrogen-containing compounds, oxygen-containing
compounds and steroids belong to aliphatics; monoaromatics
and PACs belong to aromatics.

2.4.1. Effect of temperature on components of OP

55
50
45
40
35
30
25
20
15
10
5
0

Aliphatic hydrocarbons
Nitrogenated compounds
PACs

Monoaromatics
Oxygenated compounds
Steroids

Aromatics
100

a

Aliphatics

b

80
Area (%)

Area (%)

The temperature effects on the distribution of organic phase
components are shown in Fig. 5. As can be seen, temperature
had a great influence on the constitution of the organic
phase. The main components were aliphatic hydrocarbons,
nitrogenated compounds and oxygenated compounds, especially at low temperatures. As the temperature increased, the
concentration of aliphatic hydrocarbons grew and reached a
maximum value of 28.91% at 450°C, and then declined significantly at higher temperatures. At the same time, the amount of
aromatic compounds increased notably when the temperature
was above 500°C which can be seen in Fig. 5b, and PACs were
identified. It was found that the monoaromatic hydrocarbon
concentration in the oils grew as the temperature increased from
350 to 950°C (Sánchez et al., 2009a, 2009b). Researchers did not
find polycyclic aromatic hydrocarbons in the liquid product

when the temperature was less than 500°C (Morf et al., 2002).
These previous works were in agreement with this study. The
concentration of oxygenated compounds was generally stable at
first but increased when the temperatures exceeded 500°C. The
concentration of nitrogenated compounds at 400°C was much
higher than for other cases. The steroids could only be observed
at lower temperatures, which indicated that these components
may be present in raw sewage sludge and decompose at higher
temperatures.
Aliphatic hydrocarbons derived from decomposition of
oxygen-containing organic compounds, including decarboxylation of carboxylic acids, decarbonylation of aldehydes and
ketones and dehydration of alcohols. The increase of temperature affects aliphatic hydrocarbons. On the one hand, higher
temperatures tended to promote cracking of long chain hydrocarbons. Appendix A Table S1 shows that the long chain
hydrocarbons (from C18 to C22) present at lower than 500°C
were not identified at higher temperatures. This can also explain
the increase of H2 and CH4 in NCG as shown in Fig. 3a. On the
other hand, higher temperatures were favorable to cyclization
and aromatization reactions to transform aliphatic hydrocarbons into aromatic hydrocarbons. This aromatization could
be attributed to the Diels–Alder reaction, which has been
mentioned by many researchers (Cunliffe and Williams, 1998;
Williams and Besler, 1994; Amen-Chen et al., 2001). The
cyclo-addition reactions take place between conjugated dienes

60
40
20

400

450

500
550
Temperature (°C)

600

0

400

450

500
550
Temperature (°C)

600

Fig. 5 – Distribution of compound groups of organic phase at different temperatures. (a) Classified into 6 groups; (b) classified
into 2 groups.
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and olefins (or alkynes) and generate six-membered rings, which
then transform into aromatics via dehydrogenation reactions.
This can also provide an explanation for the decrease in aliphatic
hydrocarbons at higher temperatures from another point of
view.
The nitrogenated compounds within the organic phase were
mainly generated from the decomposition of protein in sewage
sludge. It has been reported that the protein began to decompose
at 300°C, while carbohydrate began to transform at 390°C (He
et al., 1998). In other words, the decomposition of fat, protein
and carbohydrate, the main organic matter in raw sewage
sludge, did not occur at the same time. Thus the higher content
of nitrogenated compounds at 400°C may be attributed to the
incomplete transformation of organic compounds.

2.4.2. Effect of additive ratio of CA on components of OP
The effects of the ratio of CA added on the distribution of
organic phase components are shown in Fig. 6. The composition of OP changed greatly under different CA ratios, which
demonstrated that CA had catalytic effects on the pyrolysis of
sewage sludge. With the increase of CA additive ratio, the
concentration of aliphatic hydrocarbons decreased continuously. The oxygenated compound content increased at first,
and reached a minimum of 10.83% when CA/SS was 1/5. In the
meantime, the nitrogenated compound content declined. The
decrease of oxygenated compounds was due to the dehydration and decarboxylation of organic compounds. Researchers
pointed out that the activated alumina showed good performance in decomposing fatty acids and triglycerides contained
in sewage sludge to reduce the oxygen content (Konar et al.,
1994; Maher and Bressler, 2007; Vonghia et al., 1995). In
addition, condensation reactions occurred between fatty
acids from lipids and amines from decomposition of protein,
with the products of water and amides. The condensation
took place more easily in the presence of chloride, because in
this case carboxylic acid would transform into acyl chloride
first and then react with amine. Since KCl was present in
biomass ash coated on the surface of alumina, an increase in
the ratio of CA can promote the condensation reactions,
causing an increase in nitrogenated compounds and decrease
in oxygenated compounds in OP. At the same time, the
decarboxylation of fatty acids was inhibited because of the
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3. Conclusions
Temperature and catalyst have different effects on the liquid
yield of sewage sludge pyrolysis. The product yields and
component distribution of NCG were more sensitive to the
change of temperature, and the maximum liquid yield of
48.44 wt.% and maximum UEL of 3871 kJ/kg sludge were
observed at 500°C with 1/5 CA/SS mass ratio. CO2 was the
most important component, with a volume fraction of 83.63%
at 400°C, but with the increase of temperature the secondary
cracking of primary liquid product was promoted, producing
more H2 and CH4.

Monoaromatics
Oxygenated compounds
Steroids

Aromatics

a

Area (%)

Area (%)

Aliphatic hydrocarbons
Nitrogenated compounds
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condensation reaction, which resulted in the decline of
aliphatic hydrocarbons as shown in Fig. 6a.
When the CA/SS was more than 1/5, the concentration
of aromatic compounds increased rapidly (Fig. 6b), which
indicated that the aromatization reaction would be promoted
when the CA content exceeded a certain proportion. Hydrogen was removed via cyclization and aromatization reactions,
thus leading to an increase in oxygenated compounds.
Another possible reason for the raised oxygen content was
related to metal oxides contained in biomass ash on the
surface of CA. It has been pointed out that the catalytic role of
transition metals promoted transfer of oxygen in carbon
dioxide into the obtained liquid (Omae, 2006). Some minerals
formed by elements such as Fe, Ca, K and Mg have also been
considered to have catalytic effects on some pyrolysis
reactions (Fonts et al., 2012).
The decrease in nitrogenated compounds at higher CA ratio
conditions was due to some amines, amides and nitriles with
smaller molecular weight being transferred from OP to AP. The
main organic components of the aqueous phase were nitrogenated and oxygenated compounds, and some researchers
suggested that the aqueous phase of liquid product could be
used as a fertilizer or a source for producing fertilizers (Azuara et
al., 2010). The steroids were observed only under conditions of
little or no CA additive. On the one hand this suggested that this
group came from the raw materials. On the other hand, it
indicated that increased amounts of catalyst can promote the
decomposition of steroids.
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Fig. 6 – Distribution of compound groups of organic phase with different composite alumina (CA) additive ratios at 450°C. (a)
Classified into 6 groups; (b) classified into 2 groups.
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The increase of temperature enhanced devolatilization,
making more organic matter evaporate from sewage sludge,
and promoted cyclization and aromatization of aliphatic compounds. The existence of CA could strengthen secondary
cracking and interaction among primary products from different
organic compounds, such as acid–amine condensation, and
reduce the content of oxygenated compounds. When the CA
additive amount exceeded a certain proportion, the aromatization would be markedly strengthened, generating more
aromatics. Some nitrogenated compounds like amines, amides
and nitriles with smaller molecular weight preferred to transfer
from OP to AP.
The effects of CA on decomposition of fatty acids and
formation of aromatics were similar to that of temperature
during the progress of pyrolysis, in general. This means that
the reaction temperature could be made lower by introducing
CA, which has a positive effect on reducing energy consumption. The results could provide a reference for the application
of dual-circulating fluidized bed systems.
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